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1 Introduction 
 
The application of the commercial microbial transglutaminase from Streptoverticillium 
mobaraense Activa TM MP in milk products is used to improve physical properties like texture 
in yoghurt and ice cream, increase breaking strength in low and full fat yoghurt as well as to 
decrease the concentration of stabilizers and solid non fat material (Ajinomoto, 2002). 
Transglutaminase is an enzyme that catalyses an acyl-transfer reaction introducing a 
covalent cross-linking between glutamine and lysine amino acid residues. The new covalent 
cross-links form a network in the protein system, which causes drastic changes in the protein 
size, conformation and stability of the food products. 
 
Milk proteins are good substrates for transglutaminase, because they contain numerous 
glutamine and lysine amino acid residues. However, not all of these residues are reactive 
with transglutaminase. Different authors have suggested some methods to increase the 
exposition of these reactive residues. The addition of dissociating and reducing agents, as 
well as, the previous heating and high pressure treatment are some examples. The 
disadvantage, in the addition of chemical agents, is that they are generally not allowed in 
food preparations. Furthermore, the thermal treatments cause changes in the nutritional 
values and in sensory characteristics of food products. For this reason, high pressure could 
be an alternative treatment with the benefit of keeping reactive groups minimally altered 
compared to the original quality of the milk proteins. In addition, simultaneous application of 
microbial transglutaminase and high pressure treatment on milk protein could be used to 
reduce production cost in milk technology.  
 
Along with the current literature, there is a lack in the information about the conformational 
changes of microbial transglutaminase in association with inactivation kinetic studies and a 
pressure/temperature diagram of microbial transglutaminase inactivation is not available. 
Furthermore, literature provides only little information about the affinity of microbial 
transglutaminase towards individual milk proteins. 
 
In order to investigate more about this theme, results the thesis: Stability of microbial 
transglutaminase and its reactions with individual caseins under atmospheric and high 
pressure, as well as, the study of rheological consequences in acid gels.  
 
The work is in three parts structured. The first part is the analysis of the secondary and 
tertiary conformation of microbial transglutaminase after treatment at different pressure and 
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temperature conditions. Additionally, the possible influence of non-enzymatic protein-
carbohydrate reactions on microbial transglutaminase activity has to be taken into account. A 
kinetic study and a pressure/temperature diagram based on the rate constants of microbial 
transglutaminase inactivation have been performed. The second part is the analysis of 
microbial transglutaminase affinity towards individual caseins. The kinetics of the reaction of 
microbial transglutaminase with ß- and αs1-casein isolated from cow’s milk is investigated at 
high and atmospheric pressure treatment. Finally, the third part is the evaluation of 
rheological properties as gel firmness represented by storage modulus and gelation time of 
acid-induced casein gels.  
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2 Theoretical aspects 
 
2.1 Transglutaminase 
Transglutaminase (ε-glutaminyl-peptide: amine γ-glutaminyl-transferase, EC 2.3.1.13) (TG) is 
an enzyme that catalyses the acyl transfer reactions between the γ-carboxamide group of 
peptide bound glutamine and the ε-amino group of peptide bound lysine to form a ε-(γ-
glutamyl)lysine isopeptide bond (figure 2.1-1). Folk (1969) postulated that the reaction 
mechanism of TG is a ping pong mechanism, in which: 1) A glutamine substrate binds to 
catalytic cysteine residue of the enzyme in a binary complex as thioester. 2) Ammonia 
dissociates with the formation of an acyl enzyme intermediate. 3) The acyl enzyme 
intermediate reacts with a second substrate, either an acyl acceptor, which can be almost 
any primary amine to form γ-glutamyl-amine product or to water to form glutamic acid 
product. 
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Figure 2.1-1 Hypothetical catalytic mechanism of MTG (Kashiwagi et al., 2002) based in the ping pong 
mechanism of TG postulated by Folk (1969) 
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However, the acyl-enzyme intermediate can also be hydrolysed in the absence of primary 
amines but at a slower rate. Transglutaminase exhibits high specificity towards L-glutamine 
residues as the acyl-donor substrate and lower specificity towards the acyl-acceptor, for this 
reason the ε-amino group of lysine as well as many primary amines, polyamines and 
ammonia can act as substrates (Folk, 1969; Griffin et al., 2002). 
 
Transglutaminases can be found in plants (Del Duca et al., 2000), vertebrate animals (Folk 
and Cole, 1965), invertebrate animals (Noguchi et al., 2001) and microorganisms (Ando et 
al., 1989). Plant TGs as components of various cell compartments such as chloroplasts, 
mitochondria, cytoplasm and cell walls are related to growth, differentiation, programmed cell 
death and stress (Della Mea et al., 2004). Animal TGs are Ca2+-dependent enzymes which 
are widely distributed in body tissues such as liver, lung, intestine, hair follicles, epidermis, 
prostate, placenta and body fluids such as blood. Since 1960, the isolation, purification and 
characterisation of TG from mammal body fluids, as human plasma factor XIIIa or thrombin-
activated blood coagulation factor XIII (Gorman and Folk, 1980; Traoré and Meunier, 1991) 
is performed. Transglutaminase from mammal tissue, namely guinea pig liver TG has been 
widely characterised (Folk and Cole 1966; Folk, 1969; Chung et al., 1970, Case and Stein 
2003). Human plasma factor XIIIa is localized in the plasma and impedes blood loss by 
stabilizing fibrin clots during their formation at sites of blood coagulation. Tissue TG has been 
ascribed to several processes including stabilization of extra cellular matrices, formation of 
cross-linked cell envelopes, cell matrix assembly, wound healing and cellular adhesive 
processes (Leblanc et al., 2001). Industrial applications of animal TG have been intensively 
studied (Traoré and Meunier, 1991; Oh et al., 1993), but its scarce source and complicated 
separation and purification procedures made the enzyme very expensive and limits its 
application in industry. 
 
Since the 1980s, a Ca2+-indepent TG could be obtained from the microorganisms 
Streptomyces sp and Streptoverticillium sp with a higher activity than animal TG. In addition, 
microbial fermentation makes it possible to achieve mass production of transglutaminase at a 
low cost, which is advantageous for its industrial application in food technology, cosmetics as 
well as pharmaceutical products and medical treatment (Zhu et al., 1995). Motoki et al. 
(1989) and Ando et al. (1989) studied the possibility to produce TG from microorganisms. 
Ando et al. (1989) screened about 5000 strains isolated from soil collected from a variety of 
locations. Among these strains, Streptoverticillium S-8112 was found to have the capability to 
form the enzyme. Motoki et al. (1989) state, that other Streptoverticillium strains, such as S. 
griseocarneum, S. cinnamoneum subsp., S. cinnamoneum and S. mobaraense, also have 
the ability to produce TG. Ando et al. (1992) also found the enzyme in a culture of 
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  1 DSDDRVTPPA EPLDRMPDPY RPSYGRAETV VNNYIRKWQQ VYSHRDGRKQ  
 51 QMTEEQREWL SYGCVGVTWV NSGQYPTNRL AFASFDEDRF KNELKNGRPR 
101 SGETRAEFEG RVAKESFDEE KGFQRAREVA SVMNRALENA HDESAYLDNI 
151 KKELANGNDA LRNEDARSPF YSALRNTPSF KERNGGNHDP SRMKAVIYSK 
201 HFWSGQDRSS SADKRKYGDP DAFRPAPGTG LVDMSRDRNI PRSPTSPGEG 
251 FVNFDYGWFG AQTEADADKT VWTHGNHYHA PNGSLGAMB VYESKFRNWSE 
301 GYSDFDRGAY VLTFLPKSWN TAPDKVKQGW P                     
Streptomyces sp. The employed medium in the fermentation is composed of glucose and 
salts, which achieved a TG production with activities of 0.28 to 2.5 U/mL in 72 h depending of 
the strain used. Téllez-Luis et al. (2004), using a medium containing commercial xylose 
achieved a TG production from Streptoverticillium ladakanum with an activity of 0.348 U/mL 
in 72 h. The temperature of growth was between 25°C and 35°C. MTG is an extracellular 
enzyme dissolved in the fermentation broth so that it can be recovered through separation of 
the solid material. The traditional methods, as salting out with ammonium sulphate and 
sodium chloride, dialysis, ultrafiltration, ion-exchange chromatography, absorption 
chromatography, gel filtration or isoelectric precipitation can be used to purify the enzyme. 
According to the method, the total recovery of transglutaminase activity is about 40 to 42%. 
The obtained enzyme can then be mixed with enzyme stabilizers such as salts, sugars, 
dextrin (Sakamoto et al., 1992; Téllez-Luis, 2004). 
 
2.1.1 Structure of microbial transglutaminase 
The primary structure of microbial transglutaminase (MTG) produced by the microorganism 
Streptoverticillium sp. Strain s-8112, which has been identified as a variant of mobaraense 
(Kanaji et al. 1993), consists of 331 amino acid residues in a single polypeptide chain with a 
molecular weight of 37 863 Da (figure 2.1-2). The amino acid sequence of MTG was found to 
be very different in comparison with animal TG. Although animal TG showed low degrees of 
homology in their amino acid sequences, a similarity in certain regions, especially around the 
predicted active site of the cysteine residue is observed (figure 2.1-3). The enzyme MTG 
contains a single cysteine residue, Cys64, with a free thiol group, which is essential for its 
catalytic activity, indicating that the MTG is a member of the thiol protease family. 
 
 
Fig 2.1-2 Complete amino acid sequence of MTG from Streptoverticillium sp s-8112. The cysteine 
residue in the active site is marked (Cys64). 
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Microbial TG   
Streptoverticillium sp. s-8112  59 WLSYGCVGVTWVNSGQYPTNR  79
Animal TG from  
human factor XIIIa 309 VRYGQCWVFAGVFNTFLRCLG 329
guinea pig liver 271 VKYGQCWVFAAVACTVLRCLG 291
Protease   
Papain 153 GSCGSCWAFSAVVTIEGIIKI 273
 
Fig 2.1-3 Comparison of amino acid sequences in active sites of microbial and animal 
transglutaminase with a protease. 
 
Kashiwagi et al. (2002) reported that the overall crystal structure of MTG from 
Streptoverticillium mobaraense form a single compact domain with overall dimensions of 65 
x 59 x 41 Å. The enzyme adopts a disk-like shape and has a deep cleft at the edge of the 
disk. The cysteine residue, Cys64, is located at the bottom of the cleft, which is designated 
as the active site cleft. The MTG structure belongs to the α + ß folding class. The secondary 
structures are arranged so that ß-sheet is surrounded by α-helices, which are clustered into 
three regions. The central ß-sheet domain is formed by seven anti-parallel ß-strand leaving a 
cleavage between strands ß5 and ß6, who are linked together with only one hydrogen bond. 
The first cluster of α-helices (α1, α2 and α3), is on the left side, where the cysteine residue, 
Cys64 is located on the loop between α1 and α2 helices. The second α-helices cluster (α4, α5 
and α10) is on the right side and the third group of α-helices (α6, α7, α8 and α9) is located on 
the bottom of the front view of the molecule. The active site cleft has a depth of 16 Å. The 
side walls of the active site cleft are composed of several loops and are separated by a 
distance of about 13 Å. The loops of the left side wall of the cleft are tightly associated with 
many polar and hydrophobic interactions, which provide a stable structure. The loop of the 
right wall has a flexible characteristic. The Cys64 is specifically located at the bottom active 
of the site cleft, formed by ß5, ß6 strands, the α11 and the loop between α2 and α3. The 
cysteine residue is surrounded by Phe254, Asp255, Asn276 and His277, but has contact 
only with Phe254 through van der Waals interactions and is sufficiently exposed to the 
solvent with a surface area of 17 to 21 Å. Kashiwagi et al. (2002) proposed the three 
residues Cys65–His274–Asp255 as the catalytic triad for the MTG. 
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ß5 Cys64 
Asp255 
His274 
α2 
α3 
ß7 ß6 
ß-Sheet 
α-Helix 
Active site 
 
Figure 2.1-4 Microbial transglutaminase structure (Kashiwagi et al., 2002) 
 
2.2 Microbial transglutaminase in the food industry 
 
Since a microbial transglutaminase has been industrialised, its capacity to form ε-(γ-glutamyl) 
lysine isopeptide cross-links has been applied as a means of improving functional properties 
of food proteins. The use of the enzyme in the food industry, as well as the digestibility of its 
resulting ε-(γ-glutamyl) lysine isopeptide product has been also investigated for different 
instances (Raczynski et al., 1975; Fink et al., 1980). 
 
2.2.1 Food Safety of microbial transglutaminase  
The Novel Food Regulation (EC) No. 258/97 and the Food Safety for Additive (89/107 EEC) 
of the European Commission, as well as, the U.S. Food and Drug Administration in the 
division of the Center for Food Safety and Applied Nutrition, Office of Food Additive Safety 
(2002) published the GRAS Notice No. GRN 000095 to designate microbial transglutaminase 
from Streptoverticillium mobaraense produced by Ajinomoto as a substance generally 
recognized as safe.  
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2.2.2 Digestibility of ε-(γ-glutamyl) lysine isopeptide 
Studies of metabolic fate of ε-(γ-glutamyl) lysine isopeptide showed that the digestive 
enzymes of ordinary mammalian do not cleave this isopeptide after the ingestion (Seguro et. 
al., 1996) and for this reason, since the 1970s, its digestibility in animal has been 
investigated (Raczynski et al., 1975; Fink et al., 1980). Several studies stated that the 
cleavage of the isopeptide with the concomitant Lys liberation is explained by the activity of 
the enzymes γ-glutamyltranspeptidase (γ-GT) and γ-glutamylcyclotransferase (γ-GCT). Both 
enzymes are principally present in the kidney, liver, pancreas, and intestine (Szewczuk et al., 
1974; Tate et al., 1985). The enzyme γ-glutamylcyclotransferase cleaved the ε-(γ-glutamyl) 
lysine isopeptide bond resulting the liberation of free L-Lys residue and 5-oxoproline, which is 
future metabolised by 5-oxoprolinase to Glutamic acid due 5-oxoprolinase (5-OP). The 
enzyme γ-glutamyltranspeptidase induces the liberation of free L-Lys and the formation of a 
new isopeptide (figure 2.2-1). 
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NH2 O
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H
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Figure 2.2.-1 Cleavage of ε-(γ-glutamyl) lysine isopeptide by a) γ-glutamyltranspeptidase (γ-GT) and  
b) γ-glutamylcyclotransferase (γ-GCT).  
 
In vitro digestibility studies using 3H-labelled ε-(γ-glutamyl) lysine by Raczynski et al. (1975) 
reported that there is no cleavage of isopeptide bond in the digestive tract and the isopeptide 
passed across the intestinal wall unchanged and is metabolised by other organs. In our work 
group, Hultsch et al. (2005) performed in vitro and in vivo studies using 18F-labelled ε-(γ-
glutamyl) lysine in order to investigate the biodistribution, catabolism and elimination of this 
isopeptide in male Wistar rats. The labelling results showed that the coupling reaction of ε-(γ-
glutamyl) lysine isopeptide with [18F]SFB resulted in two different labelling products due to 
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the presence of two primary amino groups in the isopeptide: 18F-labelled-Gln-Lys (isopeptide 
of a substituted α-NH2-Gln) and Gln-Lys-labelled-F18 (isopeptide of an unsubstituted α-NH2-
Gln). The in vitro results demonstrated that the both labelling products showed a different 
behaviour: The isopeptide of a substituted α-NH2-Gln remained almost unchanged in the 
different exanimate tissue homogenates, whereas the isopeptide of an unsubstituted α-NH2-
Gln is generally transformed. The faster degradation was observed in the kidney 
homogenate, a rapid degradation was also observed in liver homogenates and after in 
pancreas homogenate and the slowest degradation were observed in intestine 
homogenates. The degradation of this isopeptide was related with the enzymatic activities of 
γ-glutamyltranspeptidase and γ-glutamylcyclotransferase. The biodistribution studies showed 
that the isopeptide of a substituted α-NH2-Gln exhibited a higher accumulation in the kidney 
compared to the isopeptide of an unsubstituted α-NH2-Gln, which after 5 min a 36% of total 
radioactivity was detected in the urine. Positron Emission Tomography (PET) results showed 
that the radioactivity of Gln-Lys-labelled-F18 isopeptide is delivered via the renal pelvis to the 
ureter after 2 min and after 20 min only a few radioactivity could be observed in the kidneys. 
In contrast, accumulation of the radioactivity of 18F-labelled-Gln-Lys isopeptide in the cortex 
of the kidney was observed (figure 2.2-2). 
 
0-2 min 2-20 min 
60-75 min 20-60 min 
 
  18F-Gln-Lys      Gln-Lys-F18     18F-Gln-Lys        Gln-Lys-F18 
 
 
 
Figure 2.2-2 Representative coronal images of small animal PET studies showing 18F-radioactivity 
distribution of abdominal region after application of 15 MBq of Gln-Lys-labelled-F18 isopeptide and 18F-
labelled-Gln-Lys isopeptide, at different time intervals (Hultsch et al., 2005, modified). 
 
However, the in vivo metabolism results demonstrated that the both labelling isopeptides 
were transformed in the livening organism. For the isopeptide of an unsubstituted α-NH2-Gln, 
metabolites could be found in urine as well as in blood and in kidney, whereas for the 
isopeptide of a substituted α-NH2 Gln, metabolites were found only in the urine. The authors 
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showed a cleavage of the unsubstituted α-amino group of the Gln of the isopeptide and 
suggested that conventional peptide bonds of a peptide containing an isopeptide bond are 
cleaved by peptidases soon after absorption, so that the isopeptide is liberated and there is 
no longer a substitution of the α-amino group, then a subsequently cleaved can be occurred. 
Thereby, the authors also suggested that it appears that the use of MTG in food products 
and its isopeptide do not pose a risk to health of the consumers (Hultsch et al., 2005). 
 
2.2.3 Application of microbial transglutaminase in food  
Since the approbation of the different international instances to used microbial 
transglutaminase (MTG) produced by the microorganism Streptoverticillium mobaraense in 
the food industry, the commercial MTG produced by Ajinomoto has been applied in a variety 
of food proteins in order to improve the characteristic of several commercial food products. 
The formation of additional covalent cross-links causes changes in the size, conformation, 
viscosity, gelation and stability of different protein foods like soy, gluten, muscle, myosin, 
globulin, casein or whey, so that, the appearance and texture of a great variety of food 
systems can be modified using MTG during food processing. For example, studies by 
Hazová et al. (2002) revealed that the addition of MTG on wheat flour causes a positive 
effect on the texture and distribution of pores resulting in higher loaves of bread and pastry 
using enzyme concentrations of 3.5 to 4.5 mg/kg flour. Preservation of the nutritional value, 
sensory and microbiological quality, persisted even during the storage of frozen croissants 
for 90 days. Ramirez et al. (2000) demonstrated that the surimi gels from silver carp 
elaborated using MTG have better mechanical properties. A shear stress of 146 kPa and 
shear strain of 1.59 kPa were achieved by employing a MTG concentration of 8.8 g/kg of 
surimi at 39.6°C for 1h. Uresti et al. (2005) evaluated the mechanical properties of a 
restructured fish product from arrowtooth flounder (Athersthes stomias), an under-utilised fish 
specie in the Alaska Golf, obtained by the application of high pressure and MTG. Texture 
profile analysis demonstrated that the addition of MTG in fish protein previously treated at 
600 MPa for 5 min, increases the strength of the gel product. 
 
In milk products, MTG has been used to increase firmness in yoghurt. In our work group, 
Lauber et al. (2000) found that formation of isopeptide cross-links from skim milk incubated 
with MTG had direct relation with the yoghurt consistence (figure 2.2-3).  
 
The rheological results indicated that the breaking strength of gels increased from 550 to 920 
cN and was accompanied with a casein oligomerisation from 10.0 to 25.8% with a 
concomitant intermolecular ε-(γ-glutamyl) lysine isopeptide increase. These results are in 
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agreement with Farnsworth et al. (2002), who reported that the used MTG concentrations 
between 2 and 4 U/g protein increases the yoghurt viscosity from 4.43x103 to 2.72x105 and 
1.12x106 MPa⋅s, respectively.  
 
 
Figure 2.2-3Yoghurt from skim milk incubated at 40°C for 2 h following a treatment at 80°C for 5 min. 
a) Without MTG. b) With 100 U MTG/L (Adopted from Lauber et al., 2002). 
 
Further studies of Lauber et al. (2002) showed the effect of different treatments on the 
firmness of gels from milk. Application of heat at 80°C for 2 min, high pressure at 400 MPa 
and 23°C for 1h, addition of 3 U MTG/g protein at 23°C for 1h and the simultaneous 
application of MTG and high pressure were analysed. The results demonstrated that after the 
addition of MTG and incubation at 400 MPa and 23°C for 1 h results in the highest firmness 
of gel (figure 2.2-4). In order to know the formation of covalent isopeptide cross-links due to 
MTG under different pressure treatment, oligomerisation grade from sodium casein was 
analysed using gel permeation chromatography. The results showed an increased casein 
oligomerisation from samples treated with the simultaneous application of MTG and high 
pressure in a range from 200 to 400 MPa at 40°C (Lauber et. al., 2001). Recent studies in 
our laboratory using skim milk (Partschefeld and Döhler, 2005) revealed a very similar 
degree of oligomerisation: 34% from samples treated with MTG at 0.1 MPa at 50°C and 37% 
from samples treated with MTG at 400 MPa at 50°C. The results also show, that the 
formation of dimer was favoured by the enzymatic reaction at 400 MPa, whereas the 
formation of trimers was favoured in milk previously treated at 400 MPa followed by the 
enzymatic reaction at 0.1 MPa. 
 
a) b) 
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Figure 2.2-4 Breaking Strength from milk after different treatments. 1) Milk without treatment. 2) Milk at 
0.1 MPa and 80°C for 2 min. 3) Milk at 400 MPa, 23°C, 1h. 4) Milk at 0,1 MPa and 23°C, 1h + 3 U 
MTG /g protein. 5) Milk at 400 MPa and 23°C, 1h + 3 U MTG /g protein (Adopted from Lauber, 2002, 
modified). 
 
These results stated that MTG can be also used with simultaneous application of high 
pressure treatment. But, what is high pressure processing? Why does use this technology in 
food system? How does this technology benefit consumers? In order to explain the effect of 
high pressure on MTG and milk proteins, an overview of high hydrostatic pressure in food 
industry is described in the next section. 
 
2.3 High hydrostatic pressure in food industry 
Salting, drying, curing, heat treatment, refrigeration or freezing are conventional methods of 
preserving food. Nevertheless, with the necessity to enhance retention of flavours and 
nutrient value as well as to improve functional properties and sensory quality of food 
products, the last few years have seen the development of a new technology: high pressure 
sterilization. High hydrostatic pressure processing is a food processing method where food is 
subjected to elevated pressure (until 1 000 MPa) with or without the addition of heat. In this 
technology, vegetative microorganisms are destroyed at above 600 MPa without the 
accompanying chemical changes caused by heat. There are not undesirable textural 
changes due to reduced crystal size and multiple ice-phases formed by freezing process and 
there are no alterations in flavours provided by the curing and salting treatments 
2    THEORETICAL ASPECTS 
13 
(Barciszewski et al., 1999). High pressure has the beneficial effect to disrupt non-covalent 
bonds in macromolecules, such as protein and polysaccharides and has little effect on 
vitamins, and other molecules responsible for flavour and colour (Datta and Deeth, 1999). 
However, high pressure is not the optimal process for all variety of food products. The 
physical, chemical and sensorial changes are different for each food system. For example, 
minced pork meat undergoes a degradation of the red colour after high pressure treatment at 
600 MPa and 4°C for 10 min (Krzikalla et al., 2005). The colour change is also dependent for 
the addition of ascorbic acid (figure 2.3-1). 
 
 
 
Figure 2.3-1 Treated and untreated minced pork with and without acid ascorbic (Adopted from 
Krzikalla et al., 2005) 
 
In 1992, apple, strawberry and pineapple jams appeared on the japanese Market as the first 
commercial food products processed by high pressure technology. The commercialisation of 
orange and grapefruit juices using this technology was not successful due to the small 
market available for these products. However, since 1995, processing of rice cake, hypo-
allergic rice and single portion cooked rice have been increased their production volume in 
the market. At the beginning of the year 2000, a high pressure research group works in 
collaboration with about 60 Japanese food companies to develop food in commercial scale 
(Suzuki, 2003). On the European and American markets, the commercialisation of 
pressurised products like orange juice (UltiFruit®, Pernod Richard Company, France), 
acidified avocado purèe guacamole (Avomex Company in the US, Texas/México), sliced 
ham, both cured-cooked and raw-cooked (España Company, Spain) in small scale has 
started (Tewari et al., 1999). 
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In a typical high pressure process, the product is packed in a flexible container, usually a 
plastic bottle, and is loaded into a high pressure vessel filled with a pressure-transmitting 
hydraulic fluid, which is normally water because of its compatibility with food materials. A 
mixture of water and ethyleneglycol can also be used. The hydraulic fluid is pressurised in 
the chamber with a pump, and this pressure is transmitted through the package into the food 
from all sides. High pressure process on food is carried out between 300 and 1000 MPa from 
2 to 30 min at temperature ranges from 20 to 50°C. Because the pressure is transmitted 
uniformly in all directions simultaneously, the food product retains its shape, even at extreme 
pressures. As high heat is not required, the sensory characteristics of the food are retained 
(Earnshaw, 1996). 
 
High hydrostatic pressure processing can affect a wide range of biological structures in food 
materials. This alteration can be used in the food industry as an antimicrobial effect and for 
modification of functional properties of food products (Kalchayanand et al., 1998; Datta and 
Deeth, 1999; Ghoshal et al., 1999; Indrawati, et al., 2000; Touch et al., 2003). 
 
2.3.1 Effect of high hydrostatic pressure on microorganisms 
Microbial inactivation due to high hydrostatic pressure is based principally on the destruction 
or inactivation of microbial cells through a combination of physiological, biochemical and 
physical effects on microorganism. The efficiency of cell damage of microorganisms 
increases with the combined action of pressure, temperature, time of application and the 
characteristics of suspending media. The function and characteristics of the cell membranes 
of microorganism are destroyed because the macromolecules like polysaccharides and 
proteins are irreversibly modified leading to increased permeability of the membrane (Datta 
and Deeth, 1999). In addition, according to the mass transfer theory, the degree of mass 
transfer depends on pressure and resistance of the membrane. The pressurized cells show 
increased permeability. Then, more solvent can enter into the cell and compounds like 
organelles can permeate through the cell membrane (Shouqin et al., 2005). Bacteria, yeasts 
and molds are sensitive to pressurisation below 700 MPa in a temperature range between 45 
and 50°C. However, to inactivate bacteria spores, for example from Clostridium botulinum, it 
is necessary to apply pressures of 500 to 700 MPa at a temperature range from 90 to 110 °C 
(Kalchayanand et al., 1998). Because spore-forming bacteria and spores are destroyed only 
under certain high pressure conditions, the European Commission and the Food and Drug 
Administration FDA, have introduced regulatory laws leading to the introduction of new 
pressurized products. European food safety authorities, in order to ensure the highest level 
of protection of human health had published: “2001/424/EC: Commission Decision of 23 May 
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2001 authorising the placing on the market of pasteurised fruit-based preparations produced 
using high-pressure pasteurisation under Regulation (EC) No 258/97 of the European 
Parliament and of the Council (notified under document number C(2001) 1462) Official 
Journal L 151, 07/06/2001 P. 0042 – 0043”. 
 
2.3.2 Effect of high hydrostatic pressure on enzymes 
Inactivation or activation of enzymes can be used in industry depending on the needed 
product properties. For example, stability of pectin methylesterase (PME) and α-amylase 
during juice clarifying are required to obtain high concentrations of carotene and flavours 
(Chen et al., 1987). However, inactivation of PME and polygalacturonase (PG) are necessary 
to retain viscosity in the tomato processing industry (Kalamaki et al. 2003), as well as to 
avoid cloud loss during juice and nectar storage (Corredig et al., 2001). The decrease in 
viscosity in tomato products is a direct consequence of the degradation of pectin substances 
by the endogens enzymes PME and PG (Hernández and Cano, 1998). Because PG induces 
the breakdown of the pectin molecules, it is the main cause for texture and viscosity loss, 
whereas PME leads to a cloud reduction in juices. Thus, an optimal treatment in tomato 
puree products should include a complete PG inactivation. However, PG is a very heat 
resistant enzyme, which needs high temperature with long time treatment for its inactivation 
(30 min at 90°C). At this condition, PME activity is destroyed, but change in colour, flavour, 
taste and nutritional quality are obtained. Crelier et al. (2001) proposed the use of high 
pressure and thermal treatment to achieve a complete inactivation of PME and PG in tomato 
pulp. The study showed that PME is a heat labile enzyme at atmospheric pressure and it is 
stabilised against thermal denaturation in a pressure range from 500 to 600 MPa, whereas 
PG, which is very resistant to thermal denaturation at atmospheric pressure, is easily 
inactivated by a combination of moderate pressure and temperature (400 MPa and 45°C).  
 
In the last years high pressure treatment has also been applied to induce structural changes 
in globular protein substrates to increase enzyme-substrate binding. Traditionally, the 
application of reducing agents or urea was used to induce protein unfolding (Patel et al., 
2004) to expose potential substrate amino acid residues to the surface area (Touch et al., 
2003). Unfolding of some proteins using high pressure treatment has been successfully 
utilised (Nanoka et al., 1997). However, there are proteins, which present a reversible 
behaviour under this treatment. For example, Møller et al. (1998) reported that after 
depressurisation from a treatment at a temperature range from 5 to 20°C and 150MPa for 30 
min, renaturation of ß-lactoglobulin in TRIS buffer at pH 7.1 is observed. This is not in 
agreement with the study by Ikeuchi et al. (2001), who stated that at pH 7.0 and 20°C the 
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reaction is irreversible. However, at pH 2.0 and 20°C, pressure induces reversible 
denaturation of ß-lactoglobulin. 
 
2.3.3 Effect of high pressure treatment on microbial transglutaminase  
Kinetics studies of MTG under high pressure have also been undertaken by other authors. 
Lee and Park (2002) performed a Michaelis-Menten kinetic study in a reaction system of 
MTG with the synthetic specific substrate carbobenzoxy (CBZ)-L-glutamylglycine. The 
experiments were performed at 25°C in a pressure range from 0.1 to 500 MPa for 10 min. 
From the equation of straight line at 0.1 MPa a maximal velocity of 928 units and a Km value 
of 24.5 mM are given. The results of the samples were treated at 0.1, 400 and 500 MPa 
demonstrated that the maximal velocity changes with pressure, while the affinity constants 
for all treatments are very similar, indicating that affinity constants were pressure 
independent and only the maximal velocities were affected (figure 2.3-2).  
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Figure 2.3-2 Hans-Augustinsson-Hofstee plot (V against V/[S]) of pressurized MTG at 400 to 600 
MPa for 10 min (Adopted from Lee and Park, 2002, modified) 
 
In addition, the enzyme maintains 60% of the initial activity even after pressurization at 600 
MPa for 60 min. Lauber (2001) reported a loss of 50% enzyme activity at 40°C and 500 MPa 
after 15 min. The inactivation kinetic study performed in a temperature range from 20 to 60°C 
and a pressure from 0.1 to 600 MPa within a time range from 0 to 2 h, showed higher values 
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of pressure dependent rate constants with increasing temperature. Moreover, activation 
volumes of –7.1±0.4, -17.4±4.0 and –2.3±0.8 cm3/mol at 20, 40, 60°C respectively were 
reported by Lauber et. al. (2001). These results indicated that, in comparison with other 
endogens milk enzyme, MTG shows stability to high pressure. For example, alkaline 
phosphatase has activation volume of -65 cm3/mol at 40°C (Rademacher, 1999). 
 
2.3.4 Effect of high pressure on milk and milk products. 
The first application of high pressure treatment on milk was used for preservation due to 
inactivation of microorganisms, but more recent studies have demonstrated that the changes 
on the protein functionality can be useful in the production of high quality milk products, such 
as cheese and yoghurt (Law et al., 1998; Lauber et al., 2000; Keenan, et al., 2001; 
Farnsworth et al., 2002; Abbasi and Dickinson 2002) 
 
High pressure treatment of skim milk leads to substantial changes in the whey protein 
fraction and disperses casein micelles into smaller structural units (Ikeuchi et al., 2000; Harte 
et al., 2003). Studies on goat’s milk (Law et al., 1998) demonstrated that pressure treatment 
at 500 MPa and 20°C caused disruption of micelles into smaller particles with a higher 
solubility in the serum.  
 
 
200 nm 
a) b)
 
Figure 2.3-3 Transmission electron micrographs of spry dried milk powder before a) Native sample. b) 
Sample treated at 20°C and 400 MPa for 40 min (Adopted from Keenan et al., 2001). 
 
In the figure 2.3-3 is showed that treatment at 45°C and pressures from 300 to 400 MPa 
results in casein aggregates, larger than the micelles in the original milk, whereas at 45°C 
and 500 MPa, disruption of the micelles with the formation of smaller and less easily to 
2    THEORETICAL ASPECTS 
18 
sediment fragments are occurred. In investigations using spray dried milk powder (Keenan et 
al., 2001), it was observed that the application of pressures above 200 MPa led to an 
irreversible disintegration of casein micelles. The average diameter (measured by light 
scattering) of the particles produced after pressure treatment of skim milk becomes 
progressively smaller with increasing pressure up to 500 MPa. The protein network analysed 
by transmission electron microscopy shows a decrease of the average diameter of the native 
spherical micellar particles between 100 to 300 nm sizes after pressure treatment at 400 
MPa. 
 
2.3.5 Effect of simultaneous application of high pressure and microbial 
transglutaminase on casein 
Because high pressure treatment causes micelle disintegration (Harte et al., 2003), it could 
be possible that higher numbers of potential glutamine residues could be exposed to the 
solvent able to react with MTG. This theory was investigated by Lauber et al. (2001), who 
found that in a sodium caseinate system isolate from skim milk, the addition of MTG under 
high pressure is capable to form covalent cross-linked proteins. Casein treatment at 400 MP 
without MTG showed no formation of new oligomers and the samples treated simultaneously 
at high pressure and enzyme (400 MPa with 1.5 U MTG/g protein) revealed an increase in 
the oligomerisation degree from 21 to 52%. Further experiments performed in a mixed 
system of ß-lactoglobulin and ß-casein under 400 MPa demonstrated that a part of the 
oligomerisation is consisting of heterodimers from ß-casein cross-linked with ß-lactoglobulin 
(Lauber et al., 2002). 
 
Recent studies in our laboratory have investigated the MTG-reactive glutamine residues of ß-
casein and ß-lactoglobulin under atmospheric and high pressure. Richter (2004), using ß-
casein and triglycine as labelling reagent in the presence of MTG (4 U/g protein) at 0.1 MPa 
and 40°C for 1 h, suggested that potential MTG-reactive glutamine residues of ß-casein 
could be located at Gln (72 or 79 or 89), Gln (117 or 123 or 141 or 146 or 160 or 167), 
Gln182, and Gln (188 or 194 or 195). With an increasing MTG concentration to 20 U/g 
protein, seven reactive glutamines, Gln (72 or 79 or 89), Gln (117 or 123 or 141 or 146 or160 
or 167), Gln182, and Gln (188 or 194 or 195) Gln54, Gln56, Gln184 were observed. 
Furthermore, Partschefeld (2005) found that there are no new MTG-reactive glutamines after 
ß-casein treatment at 400 MPa and 40°C for 1 h. However, ß-lactoglobulin labelled under the 
same conditions and incubated at 0.1 MPa and 40°C for 1 h shows no-reactive glutamines, 
but after treatment at 400 MPa at 40°C for 1h, Gln5, Gln13 Gln35 and Gln59 were exposed 
as new MTG-reactive glutamines (Richter, 2004). 
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Biochemical reactions involved in biological processes under high pressure lead to chemical 
and physical changes. In order to understand the inactivation and reaction kinetics of 
transglutaminase it is essential to give a broad overview of the thermodynamic principles 
(Klotz, 1986; Smith et al., 1997; Atkins, 2000; Hinrichs, 2000). 
 
2.4 Thermodynamic in biological systems 
In biological systems, many reactions are regarded as the conversion of substance A into B. 
These systems, representing a chemical transformation of A to B, are usually catalysed by 
an enzyme. Alternatively, A and B can be the same substance, and e.g. represent the 
structural change of a protein from the native state A to the unfolded state B. The state of the 
biological system is determined by the concentrations and the state functions temperature 
and pressure of A and B. 
 
2.4.1 First Law of Thermodynamics 
The First Law of Thermodynamics is the law of the conservation of energy. The energy of the 
universe is constant and the energy can be transferred from a system to its surroundings, or 
vice versa, but it cannot be created or destroyed. Instead, energy is converted from one form 
to another, for example work to heat, from heat to light or from chemical to heat. 
 
The mathematical balance for the First Law of Thermodynamic is expressed by equation 2.4-
1, as all the energy into a system ∆ESystem is equal to the surrounding energy of the system 
∆ESurrounding: 
 0=∑+∑ gSurroundinSystem EE  (eq. 2.4-1) 
Where, PKSystem EEUE ∆+∆+∆=  and WQE gSurroundin ±±≡  
 
If, in a closed system, the kinetic energy change (∆EK) and the potential energy change (∆EP) 
are zero, then the work (W) done on a system and the energy transferred as heat (Q) to a 
system or vice versa, lead to a change in the internal energy given as: 
 WQU ±±≡∆   (eq. 2.4-2) 
 
In a biochemical system, when no material is exchanged with the surroundings, the system is 
closed and would proceed until an equilibrium state. The conversion of A into B is 
counterbalanced by an equal and opposite conversion of B to A, so, at the equilibrium, the 
net flux of A to B is zero (figure 2.4-1). 
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Figure 2.4-1 Energy balance in a closed system 
 
As common convention Q>0 is employed, when heat is absorbed by the system and W>0, 
represents the work done by the system. Thus, the mathematical statement of the First Law 
of thermodynamic is expressed by the equation 2.4-3  
 WQU rev +=∆    (eq. 2.4-3) 
For infinitesimal changes in the internal energy:  
 dWdQdU rev +=   (eq. 2.4-4) 
 
The system and work 
When the system  A ⎯→  B  involves a change in volume, the system has to do work on 
the surroundings corresponding to the net change in volume. 
 
Mechanical work is defined by product of force, F, acting through a distance, dl : dW = -Fdl. 
The force, F, necessary to move a system can be determined by considering pressure, P, 
which is the application of force, F, to a surface, and the concentration of that force in a given 
area, A, is given by  A
FP =
 and the distance, dl, is the relation of  the volume variation in a 
given area, which is 
A
dVdl = . Replacing, 
A
dVAPdW ⋅⋅−= . Thus, the mathematical 
equation for work as a function of pressure and volume is given as: 
 WQU rev +=∆   (eq. 2.4-5) 
Then internal energy of the system is  
 PdVdQdU rev −=   (eq. 2.4-6) 
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Enthalpy  
The amount of heat given off or absorbed during a reaction is not equal to the change in the 
internal energy of the system, because some of the heat is converted into work, then dU is 
less than dQ and for this reason it was necessary to introduce the thermodynamic property, a 
functional state variable, Enthalpy H, which is the sum of the internal energy of the system 
plus the product of the pressure of the system times the volume of the system. 
 PVUH +≡    (eq. 2.4-7) 
 
At constant pressure, P, a volume change, dV, requires an amount of work equal to P∆V. 
When the volume change increases, dV, and hence PdV, is positive, so the work is done by 
the system. When the volume change decreases, dV, and hence PdV, is negative, so that 
work is done on the system. Consequently, the total work done by a system, Wt, is the sum 
of the work due to the net volume change, PdV, and the remaining, useful work, W: Wt = W 
± PdV. Then: 
 PdVWdQdU ±−=   (eq. 2.4-8) 
The function of PdVdU ±  is know as the change in enthalpy dH  
 dWdQdH −=   (eq. 2.4-9) 
 
At constant pressure with no additional work, the heat given off or absorbed during a 
chemical reaction is equal to the change in the enthalpy of the system. 
 dQdH =   (eq. 2.4-10) 
 
2.4.2 Second law of thermodynamics 
With the second law of thermodynamics, it is possible to identify whether one state is 
accessible from another by a spontaneous change and it can be expressed as the state 
function, Entropy, S. 
 
Entropy 
Entropy has a variety of thermodynamic and physical interpretations as a heat engine, a 
state function and a measure of disorder of a system.  
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Thermodynamic definition of entropy 
During a reversible (rev) process in which an amount of heat dQ is applied at constant 
temperature, T, the thermodynamic definition of entropy is expressed by the mathematical 
equation 
 
T
dQ
dS rev=   (eq. 2.4-11) 
The change of entropy, dS, in a system is defined as the heat absorbed from the 
surrounding, dQ, divided by the temperature, T, when the process is a thermodynamically 
reversible process. That means that during a chemical reaction, the temperature of the 
substance changes as heat is applied or extracted. 
 
Entropy as a state function 
A reversible reaction is considered if a system changes from an initial equilibrium state, i, to 
a final equilibrium state, f, and returning back to state, i, with net entropy change of zero. The 
mathematical interpretation is given as: ∆Sf = ∆Si, the process is reversible:  
T
dQdS
f
i∫== 0     (eq. 2.4-12) 
An irreversible reaction is considered if the entropy of the final equilibrium state, f, is higher. 
The mathematical interpretation is given as ∆Sf  > ∆Si, the process is irreversible :  
 
T
dQdS
f
i∫>   (eq. 2.4-13) 
According to spontaneity criteria 
The entropy change of the system plus the entropy change of the surroundings must 
increase: 0´ >⎟
⎠
⎞
⎜
⎝
⎛+⎟
⎠
⎞
⎜
⎝
⎛
gsorroundinSystem T
Q
T
Q
, can be expressed as equation 2.4-14 
 0>∆+∆ gSorroundinSystem SS   (eq. 2.4-14) 
Then, the process is spontaneous when: 
 0>∆∑=⎟
⎠
⎞
⎜
⎝
⎛∑ S
T
Q
  (eq. 2.4-15) 
and the process is at equilibrium when: 
 0=∆∑=⎟
⎠
⎞
⎜
⎝
⎛∑ S
T
Q
   (eq. 2.4-16) 
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2.4.3 The Free Energy from the combination of the First and Second Laws of 
Thermodynamics 
The combination of the First and Second Laws of thermodynamics as postulated by Gibbs 
and Helmholtz can evaluate the transformations of the reaction components without the 
changes in the surroundings. The state function is called free energy, ∆G. 
The Helmholtz energy, A, is expressed by the equation: 
 TSUA −≡   (eq. 2.4-17) 
Where a change in a system at constant temperature and volume is spontaneous if:  
 0, ≤VTdA    (eq. 2.4-18) 
Gibbs energy or free energy, G, expressed by equation: 
 TSHG −≡    (eq. 2.4-19) 
Where a change in a system at constant temperature and pressure is spontaneous if: 
 0, ≤PTdG    (eq. 2.4-20) 
That means that a chemical reaction will proceed spontaneously if and only if the change in 
free energy is negative. 
 
Influence of pressure and temperature on the system  
When the pressure and temperature are not constant in the system, the change in Gibbs 
energy undergoes a thermodynamic change 
 TSPVUTSHG −+≡−≡   (eq. 2.4-21) 
 
For infinitesimal changes: SdTTdSVdPPdVdUdG −−++= , where PdVTdSdU −=  
After substitution and elimination of terms, the following equation is achieved: 
 SdTVdPdG −=    (eq. 2.4-22) 
 
The equation states that a change in Gibbs energy G  is proportional to changes in pressure, 
P, and temperature, T. At constant temperature or pressure the mathematical expressions 
are achieved:  
 V
P
G
T
=⎟
⎠
⎞
⎜
⎝
⎛
∂
∂
  (eq. 2.4-23) 
 S
T
G
P
−=⎟
⎠
⎞
⎜
⎝
⎛
∂
∂
  (eq. 2.4-24) 
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Temperature dependence of free enthalpy at constant pressure 
It is known that the equilibrium of a system depends on the Gibbs energy G  and to know 
how this energy varies with temperature, it is expressed as the G variation in terms of the 
Entropy S.  
At constant pressure S
T
G
P
−=⎟
⎠
⎞
⎜
⎝
⎛
∂
∂
 and from the combination of the both laws according to 
enthalpy energy 
T
HGS −−≡  results: 
 
T
HG
T
G
P
−
=⎟
⎠
⎞
⎜
⎝
⎛
∂
∂
  (eq. 2.4-25) 
 
The equilibrium constant of a chemical reaction is related to G/T rather than to G itself. The 
Gibbs-Helmholtz equations show how G/T changes with temperature. Solving different partial 
derivates the Gibbs-Helmholtz equation is applied to changes of the physical state and the 
chemical reaction at constant pressure, it can be written as: 
 
( )
2
/
T
H
T
TG
P
∆
−=⎟
⎠
⎞
⎜
⎝
⎛
∂
∆∂
   (eq. 2.4-26) 
 
Pressure dependence of Free Enthalpy at constant temperature  
The pressure dependence of Gibbs free energy in a closed system is given by the combined 
first and second laws and the definition of Gibbs free energy SdTVdPdG −=  as discussed 
from the equation 2.4-22. 
 
At constant temperature dT=0 and after the integration of the remaining terms 
∫=−
f
i
if
P
PPP
dPVGG    (Pi = initial pressure, Pf = final pressure) 
For not very compressible solids and liquids the volume can be regarded as constant:  
 
if PP
GG =   (eq. 2.4-27) 
For slightly compressible solids and liquids the isothermal compressibility can be defined as: 
 
TP
V
V
⎟
⎠
⎞
⎜
⎝
⎛
∂
∂
=
1κ   (eq. 2.4-28) 
So, with κ regarded at constant temperature T, an expression for volume V, as a function of 
pressure P can be found. 
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2.4.4 Transition theory in reaction kinetics  
The central concept of the transition-state theory is that reactants or native protein structures 
are in equilibrium with a transition state species, which then proceeds to create products or 
unfolded proteins (Klotz, 1986). In general, unimolecular reaction can be represented by: 
 
 A  ⎯→← *K   A* ⎯→ B  (eq. 2.4-29) 
Where 
[ ]
[ ]A
AK ** =  defines the equilibrium constant for the formation of the transition state 
species.  
 
Temperature and pressure dependence of the system can be analysed using the Gibbs free 
energy or free activation enthalpy, ∆G*. 
 
RT
GK **ln ∆−=   (eq. 2.4-30) 
 
Temperature dependence of the rate constant 
According the First and Second Laws of Thermodynamics: TSHG *** ∆−∆=∆  (from 
equation 2.4-19) is valid. Where ∆H*, ∆S*, are the enthalpy and entropy difference between 
the transition state of a reactant or protein and the ground state of the reactant or native 
protein, respectively. 
 
Inserting *** STHG ∆−∆=∆  in equation 2.4-29 results in 
RT
STHK ***ln ∆−∆−=  
In addition, considering that rate constant 
0,
,
P
TP
k
k
 is proportional to the quasi equilibrium 
constant K* of the active complex formation, are obtains: 
 
 ⎟
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RT
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R
S
RT
STH
k
k
P
TP ****ln
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,   (eq. 2.4.31) 
 
Then, the Eyring equation is obtained: 
 
⎟
⎠
⎞
⎜
⎝
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RT
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P
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⎜
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R
S
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k
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P
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Where the Eyring equation shows that ∆H*, ∆S* are analogue amounts and can be related 
with the Arrhenius equation, 
RT
Ea
k
k
P
TP −=
0,
,ln . 
Then: 
 ⎟⎟
⎠
⎞
⎜⎜
⎝
⎛ −
=⎟
⎠
⎞
⎜
⎝
⎛ ∆−=
RT
E
RT
H
k
k a
P
TP *ln
0,
,   (eq. 2.4-32) 
 
Pressure dependence of the rate constant 
As the volume change for the reaction ∆V is the parameter that emerges from an analysis of 
the pressure dependence of the equilibrium, the parameter derived from the pressure 
dependence of the rate constants is the activation volume for the reaction ∆V*. 
 
At constant temperature the Gibbs free energy is equivalent to pressure times the volume 
change: ** VPG ∆⋅=∆ . In association with
T
TP
k
k
K
,0
,lnln ≈ , equation 2.4.31 turns into: 
 
 P
RT
V
RT
G
k
k
T
TP ⎟
⎠
⎞
⎜
⎝
⎛ ∆−=⎜⎜
⎝
⎛
⎟
⎠
⎞∆−≅
**ln
,0
,   (eq. 2.4.33) 
 
The pressure dependence of the rate constants is expressed in terms of the activation 
volume, ∆V* and indicates the variations in volume on the way to the transition state and is 
also dependent of the quasi equilibrium constant, K*, or rate constant, kP,T. 
 
Reaction and activation volumes interpretation 
The volume change in a biochemical reaction is the difference between the final volume state 
VB (volume of product or unfolded protein) and initial volume states VA (volume of reactant or 
native protein), which is given by: 
 ∆V = VB - VA  (eq. 24.34) 
Analogous expressions between volume change and the activation volume can be derived 
from the equilibrium constant (K) and the rate constant (k) of a general unimolecular reaction 
(equation 2.4-35 and 2.4.36), which are visualised in figure 2.4-2: 
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   (eq. 2.4.35) 
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TT P
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P
GV ⎟
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⎜
⎝
⎛
∂
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−=⎟
⎠
⎞
⎜
⎝
⎛
∂
∆∂
≅∆
ln**   (eq. 2.4-36) 
 
Pressure effects on chemical and biochemical reactions are governed by Le Chatelier´s 
principle, which states that at equilibrium a system tends to minimize the effect of any 
external factor by which it is perturbed (Tauscher, 1995). Consequently, the application of 
pressure to a system in equilibrium favours a reduction in volume to minimize the effect of 
pressure. Thus reactions which results in a decrease of volume, ∆V<0, are enhanced by 
pressure, while reaction resulting in a positive reaction volume, ∆V>0, are slowed down by 
pressure (Jaenicke, 1983). 
 
 
 
Figure 2.4-2 Example of a volume profile of a general unimolar reaction  A ⎯→←  A* ⎯→ B  at high 
pressure (Tauscher, 1995). 
 
The reaction volume ∆V in biochemical system can be interpreted by combination of the 
pressure response of a dissolved substance and the interaction of this substance with the 
solvent. The several intrinsic contributions occur as a consequence of changes in free 
volume due to the packing density and the formation or breaking of covalent bonds of 
molecules (Tauscher, 1995). The solvation contributions occur as any change in volume 
associate with changes in polarity, electrostatic and dipole interaction of molecules with the 
solvent during the reaction. Mozhaev et al. (1996) and Jaenicke (1983) reported that bond 
formation, charge separation and concentration of equal charges, hydration of polar and 
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hydrophobic groups and protein denaturation results in a volume contraction, whereas bond 
scission, protonation and ion par formation, protein association results in volume expansion 
(table 2.4-1). 
 
Table 2.4-1 Volume changes, ∆V, associate with relevant biochemical reactions at 25°C 
(Jaenicke, 1983) 
Bond type Reaction ∆V 
(cm3/mol) 
Protein-COO- + H+ Protein-COOH  +10.0 Protonation/ion pair formation 
Protein-NH3
+ + OH- Protein-NH2 + H2O +20.0 
Hydrogen bond  Poly-lysine -1.0 
Hydrophobic hydration  C6H6 (C6H6)water  -6.2 
Hydration of polar groups n-Propanol (n-Propanol)water  -4.5 
Protein association Microtubule formation +90.0 
Protein denaturation Myoglobin (pH 5, 20°C) -98.0 
 
2.5 Effect of pressure and temperature on biochemical reactions 
The water contained in biological system interacts with proteins, amino acids, carbohydrates 
and sugars, salt as well as other components of the matrix. Because pressure induces 
ionisation of water and solutes, the charge state of molecules is influenced. In particular, 
proteins can be affected, leading to reversible or irreversible unfolding, because the weakest 
non-covalent interactions between amino acid residues, that support the protein tertiary 
structure, are first destabilized and then replaced by protein-water interactions (Mozhaev et 
al., 1996). 
 
The increase or decrease of the dissociation volume of the solvent (∆Va) and the inactivation 
volume (∆V*) or change in total volume (∆V) of a protein caused by high pressure, is a 
consequence of bond breaking, formation of new bonds or changed salvation of amino acids 
group, which reflect the different changes of the intermolecular forces on molecules 
(Barciszewski et al., 1999). For this reason, the knowledge of the ionisation volume of water 
and buffer, as well as the activation volume and volume change of proteins over a range of 
pressures and temperatures give a thermodynamic description of a biochemical reaction.  
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2.5.1 Effect of pressure and temperature on water and buffer solutions 
Application of high hydrostatic pressure forces ice and liquid water to adopt structures that 
are more compact. Water is nearly incompressible only to 4 vol% at 100 MPa and 22°C and 
to 15 vol% at 600 MPa and 22°C (Tauscher, 1995). At low temperature, the solid water (ice) 
is the stable phase, at moderate temperatures and high pressure, the liquid water, is the 
stable phase and at high temperature and low pressure, vapour water (gas), is the stable 
phase. Phase transition of water depends on pressure, for example, at –10°C and 0.1 MPa 
(atmospheric pressure) water is solid. However, at –10°C in a pressure range from about 150 
to 450, water is liquid, as is illustrated in the phase diagram of water (figure 2.5-1). The water 
exposed to pressure does not freeze at 0°C because the transition of the liquid to the ice is 
accompanied by an increase in volume, which counteracts pressure (Smith et al., 1997). 
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Figure 2.5-1 Phase diagram of water (Adopted from Smith et al., 1997, modified) 
 
Self-ionisation of water is promoted by pressure; the ionisation volume of water is –22.2 
cm3/mol at 25°C. Volume contraction is brought about by strong electrostriction around the 
formed ions (Tauscher, 1994). From the ionisation reaction of water, equilibrium constant is 
obtained, which is called ionisation constant or dissociation constant symbolised by Kw. 
 2H2O
H3O
+  +   OH-Kw
  (eq. 2.5.1) 
 
Absolutely pure water is neutral, although even traces of impurities could shift the pH value. 
The constant Kw is sensitive to pressure and temperature and increases with rise of these 
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parameters. For this reason, the pH of non-absolute pure water can be modified with a 
change of these variables. 
 
The pH of weak acids can be altered by temperature and pressure processing. The 
ionisation constant of weak acids increases with increasing applied pressure, leading to 
change of pH and volume of aqueous buffer solutions under high pressure (Zipp and 
Kauzmann, 1973; Neuman et al., 1973; Stippl et al., 2005). 
 
The pressure dependence of the dissociation constant Ka gives the apparent volume change 
for the ionisation volume, ∆Va, of an acid (Zipp and Kauzmann, 1973). 
 
 HA A
-  +  H+   (eq. 2.5.2) 
 
Where 
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P
K a
T
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Hence, the changes of ln Ka and ∆Va values are pressure dependent. When the buffer 
concentration is high (above 0.05 M), pressure-induced changes in pH do not significantly 
alter the concentration ratio term and can be attributed directly to changes in pKa, then, 
P
pK
P
pH a
∂
∂
≈
∂
∂ )()(
 
 
Neuman et al. (1973) reported the pH changes of TRIS, acetic acid, cacodylic acid and 
phosphate buffer solutions as pressure dependences of the ionisation constants at constant 
temperature (figure 2.5-2). Increases in ∆pKa values for acetic acid, cacodylic acid, and 
phosphate are obtained with increasing pressure. However, the ∆pKa of TRIS had a non-
significant decrease. In terms of the ionisation equilibrium, acetic acid, cacodylic acid, and 
phosphate, increase the number of formal charges under high pressure treatment, whereas 
acid dissociation of TRIS⋅HCl occurs without a change in the number of charged species:  
 
 TRISH
+  +  H2O TRIS  +  H3O
+
  (eq. 2.5.3) 
 
Dissociation with charge formation leads to a substantial volume concentration due to 
solvation effects and processes characterized by volume decreases. Reactions with little 
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volume change are less pressure dependent (Zipp and Kauzmann, 1973; Neuman et al., 
1973, Tauscher, 1995). 
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Figure 2.5-2 Pressure dependence of ∆lnKa of calculated values of log KP/K0. ( ) phosphate. (-) 
indicator p-nitrophenol, ( ) cacodycil acid, ( ) acetic acid ( ) TRIS (Adopted from Neuman et 
al.,1973, modified). 
 
Along with the ionisation of water and buffer, the solvation of proteins is influenced with 
corresponding effects on the protein structure and volume. (Rasper and Kauzmann, 1961; 
Kauzmann et al., 1961). The protonation and ionisation behaviour of water and some buffers 
under high pressure are listed in table 2.5-1. 
 
Table 2.5-1 Dissociation volume of different buffers 
Reaction ∆Va 
(cm3/mol) 
Reference 
H+ + OH- H2O +21.3 
+22.2 
Jaenicke (1983) 
Tauscher (1995) 
TRISH+  +  H2O TRIS  +  H3O
+  +1 Neuman et al. (1973) 
Imidazole + H+ Imidazole-H+  -1.1 Jaenicke (1983) 
H2PO4
-H2PO4
2- + H+  -25.3 
-25.9 
Neuman et al. (1973) 
Tauscher (1995) 
CO2 + 2H2O HCO3
- + H3O
+
 -29.2 Tauscher (1995) 
P
RT
V
K aa ∆
∆
−=∆ ln
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2.5.2 Effect of pressure and temperature on protein unfolding 
The native conformation of protein molecules (N) in aqueous solution is only stable within 
restricted conditions (Kauzmann et al., 1961) of temperature, pressure and solvent 
composition (ion strength and pH). When one of these conditions is modified, the non-
covalent intramolecular interactions such as hydrophobic, van der Waals, electrostatic, ionic 
and hydrogen bonding, which stabilise the native state, are affected and a reversible or 
irreversible unfolding or denaturation (U) is initiated (Schulz and Schirmer; 1979; Urzica, 
2004).  
 
Protein unfolding or denaturation at high pressure is characterized by a negative molar 
volume change, -∆V (figure 2.5-3). The negative volume change upon unfolding is originated  
from closer interactions between the polypeptide chains and water including hydration of the 
polypeptide backbone and amino acid side chains with the concomitant elimination of 
packing defects (Frye, 1998). 
 
 
 
 
Figure 2.5-3 Representation of a non-reversible protein unfolding reaction. 
 
High temperature induces irreversible protein denaturation, because original disulfide bonds 
are destroyed, whereas these covalent bonds are pressure insensitive (Mozhaev et al., 
1996). However, the effect of pressure and temperature is a complex phenomenon. Hawley 
(1971), for example, reported that high pressure induces protein denaturation, whereas 
moderate pressure may stabilize the native form. 
 
The effect of pressure, P, and temperature T, on protein stability can be analysed using 
kinetic and thermodynamic parameters to perform a phase diagram (P, T). A phase diagram 
of a protein represents the transition phase between the native and unfolded state over a 
range of pressures and temperatures. Calculation of Gibbs free energy by the relation 
KRTG ln−=∆  (from equation 2.4-30) is used to obtain the kinetic data for the transition 
phase at constant ∆G. The equilibrium between these native and unfolded states occurs 
when there is no difference between the Gibbs free energy of both states (∆G=0). Since 
0=∆−∆=∆ SdTVdPGd  (from equation 2.4-22) along such a line, the Clausius-Clapeyron 
relation is obtained: 
Native protein (N) Denatured protein (U) 
-∆V 
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V
S
dT
dP
G ∆
∆
=
=∆ 0
   (eq. 2.5.4) 
 
The stability of chymotrypsinogen, in a pressure range from 0.1 to 400 MPa and temperature 
range from 0 to 50°C at a constant pH 2.07 (Hawley, 1971), is cited to represent an example 
of a phase diagram (figure 2.5-4). Remembering that, at atmospheric pressure the transition 
occurs with ∆S>0, whereas at constant temperature the transition occurs with ∆V<0. Then, 
since the slope from the relation 
0=∆GdT
dP
 is positive, the volume change, ∆V, is shifted 
towards positive values with increasing pressure. At about 160 MPa, the transition 
temperature is pressure independent ⎟
⎠
⎞
⎜
⎝
⎛ =
=∆
0
0GdT
dP
, thereby indicating that ∆V=0 at this 
point. At about 25°C the transition pressure becomes temperature 
independent ⎟
⎠
⎞
⎜
⎝
⎛ =
=∆
0
0GdT
dP
, indicating that ∆S=0. 
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Figure 2.5-4 Phase diagram of pressure temperature transition map of a protein (Adopted from 
Hawley, 1971, modified) 
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Pressures below 150 MPa cause a reversible or irreversible change of quaternary structures 
of proteins by favouring the dissociation of oligomers. The increase of conformational 
fluctuations leads to increased water and solvent exchange with the protein interior. 
Pressures of about 200 MPa cause significant changes of tertiary structure. Application of 
700 MPa could cause a loss of secondary structure and protein aggregation leads to a non-
reversible denaturation process. However, pressures between 400 and 800 MPa cause 
reversible unfolding of small proteins. Although high pressure induces protein denaturation, 
covalent bonds are unaffected up to 1000 MPa (Datta and Deeth, 1999). In addition pressure 
denatured proteins retain elements of their secondary structure, while the heat denatured 
proteins have nearly complete random coil configuration (Urzica, 2004). 
 
Table 2.5-2 Numbers of hydrogen bonds in bovine pancreatic trypsin inhibitor at high 
pressure 
Bond crystal Low pressure 
(0.1 MPa) 
High pressure 
(1000 MPa) 
whole protein 33.31 35.4±2.0 38.0±2.8 
total O···HN 23.21 25.5±2.0 27.02±2.1 
O···side chain 3.3 6.0±1.1 8.5±1.4 
N···side chain 4.4 4.5±0.8 4.6±0.8 
side chain – side chain 2.3 3.4±1.2 3.8±0.9 
C*(side chain) ··· water  9 28 
H, O, N represents hydrogen, oxygen, nitrogen backbone atom. C* represent the excluded backbone 
carbons.  
 
Jaenicke (1983), based on reaction volumes from some representative biochemical reactions 
(table 2.5-2), suggested that ion pairs and hydrophobic interactions are the most important 
targets of high pressure effects and hydrogen bonds are less important, whereas Kitchen et 
al. (1992), based on solvation study of amino acid residues from bovine pancreatic trypsin 
inhibitor, suggested that hydration of the protein molecules as well as hydrogen bond 
formation has influence on protein unfolding. The number of backbone to backbone 
hydrogen bonds increases from 25 at low pressure (0.1 MPa) to 27 at high pressure (1000 
MPa). However, the total number of excluded backbone carbons increase from 9 at low 
pressure (0.1 MPa) to 28 to high pressure (1000 MPa) as is shown in table 2.5-2. Solvation 
numbers of carbon, oxygen and nitrogen atoms in the molecule increase with increasing 
pressure, but the most notable change was the increase of the solvation shell around the 
hydrophobic groups. 
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2.5.3 Protein stability as a function of pressure, temperature and pH 
As described previously, unfolding or denaturation of proteins is a function of pH, 
temperature, T, and pressure, P. For this reason, it is important to describe the simultaneous 
effect of these variables on protein denaturation in a phase diagram. 
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Figure 2.5-5 Phase diagram of pressure temperature transition map of metmyoglobin. Contour of 
different constant pH in the pressure-temperature plane at which ∆G=0 for the denaturation of protein 
(Adopted from Zipp and Kauzmann, 1973, modified). 
 
Zipp and Kauzmann (1973) investigated the denaturation of metmyoglobin at pressures from 
0 to 600 MPa, temperatures from 0 to 80°C and a pH range from 4 to 12. The constant pH 
contours represent a phase diagram (P, T, pH) on which ∆G=0 for the denaturation reaction 
(figure 2.5-5). Each curve represents that at any pH range there is a range in pressure in 
which the protein undergoes the transition change: Native → Denatured. The plot shows that 
the pH maximum stability depends in a complex manner on temperature and pressure. For 
example, metmyoglobin at pH 9 and 25 °C is stable until about 620 MPa, whereas at pH 9 
and 60°C it is stable until about 500 MPa. At pH 12 and 25°C, however, the protein is stable 
until about 530 MPa, and at pH 12 at 0.1 MPa (atmospheric pressure) and temperatures 
above 50°C the protein occurs in the denatured state. The metmyoglobin in figure 2.5-5 
presents a maximal stability toward pressure and temperature at pH 9, whereas at pH 4 it 
shows a very low stability range. Volume changes for denaturation of metmyoglobin, 
calculated at 20°C on the equilibrium, were -60, -100 and -155 mL/mol at pH 10, ∼6 and ∼4 
respectively, because the negative reaction volume indicates pressure-induced protein 
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denaturation, it was demonstrated that protein stability depends on pressure as well as on 
temperature and pH. 
 
2.5.4 Effect of high hydrostatic pressure and temperature on enzyme 
Enzymes are proteins or protein complexes, which catalyse biochemical reactions. The effect 
of high pressure on enzymes and their inactivation mechanisms is similar to protein 
denaturation processes (Urzica, 2004). However, depending on the enzyme structure, 
substrate or enzyme-substrate binding, high pressure can increase or decrease the rate of 
enzyme-catalysed reactions (Datta and Deeth, 1999). 
 
Table 2.5-3 Reaction volumes of enzyme inactivation under high pressure 
Enzyme Temperature
(°C) 
Pressure
(MPa) 
pH ∆V 
(cm3/mol) 
Reference 
Lysozyme from egg 23 
69 
0,1-1100
0,1-500 
7.6 
3.9 
-19.7 
-10.5 
Li et al. 1976 
Samarasinghe et 
al.,1992 
PME from banana 60 700-900 7.0 -55.8 Ly-Nguyen et al., 
2003 
PME from carrot 10 600-700 7.0 -54.7 Ly-Nguyen et al., 
2002b 
PME from orange 10 400-900 7.0 -24.6 Van den Broeck et 
al.,1999 
PME from strawberry 10 850-1000 7,0 -10.8 Ly-Nguyen et al., 
2002a 
Lypoxygenase from 
green bean 
10 
20 
40 
200-700 
 
6.1 -27.5 
-29.8 
-19.8 
Indrawati et al., 2000 
 
PME Pectin methylesterase 
 
Oligomeric enzymes can be inactivated at low pressure (<200 MPa) by oligomer dissociation 
and unfolding of hydrophobic groups (Silva et al., 1986, Paladini and Weber, 1993, Gorovits 
et al., 1994). For example, investigations of Zhou et al. (2000) reported that the activity of 
cytoplasmatic creatine kinase depends on its dimeric state. However, this criterion can not be 
always generalized, as demonstrated by Tanaka et al. (2001), who found that the pressure 
increase in a range from 0.1 to 400 MPa perturbs the local structure of sweet potato ß-
amylase without dissociation of its tetrameric structure. Monomeric enzymes can be more 
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stable and it is necessary to apply higher pressure for their inactivation (Jaenicke, 1983). 
Enzyme inactivation by high hydrostatic pressure has been investigated by several research 
groups and generally reported as inactivation volumes, ∆V*, (table 2.5-3). 
 
After the literature review is stated that the changes on the activation volumes of proteins 
and enzymes induced by pressure are the result of changes on their conformational 
structure. The structural changes of proteins in aqueous solutions can be calculated using 
different methods, for example, Circular Dichroism Spectroscopy, Fourier Transform Infrared 
Spectroscopy and Nuclear Magnetic Resonance Spectroscopy. In this work, circular 
dichroism is presented. 
 
 
2.6 Circular dichroism fundamentals 
Circular dichroism (CD) is the difference between the absorption of the left (AL) and right (AR) 
handed circularly-polarised light in chiral molecules and is measured as a function of 
wavelength. 
 
2.6.1 Principle 
Linear and circular polarised light 
Light in the form of a plane wave in space is said to be linearly polarised. Light is a 
transverse electromagnetic wave, but natural light is generally un-polarised, all planes of 
propagation being equally probable. If light is composed of two plane waves of equal 
amplitude, differing in phase by 90°, then the light is said to be circularly polarized (figure 2.6-
1). If two plane waves of differing amplitude are related in phase by 90°, or if the relative 
phase is other than 90°, then the light is said to be elliptically polarized. 
 
When circularly polarised light passes through a solution containing an optically active 
substance, the left and right circularly polarised components of the plane polarised light are 
absorbed by different amounts as AL and AR, respectively. When the remaining components 
of the light are recombined, they appear as elliptically polarized light (figure 2.6-2). 
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Figure 2.6-1 Linear and circular polarised light. 
 
The difference in the left and right handed absorbance is in the range of 0.0001 absorbance 
units, corresponding to an ellipticity, of a few 1/100th of a degree. The ellipticity term is 
defined by θ. 
 
θ
AR + AL
AL
AR 
 
Figure 2.6-2 Schematic representation of linear polarised light as a superposition of opposite circular 
polarized light of equal amplitude and phase. AL and AR represent the absorption of left and right 
circular polarised light of the active substance. The sum of the vectors results an ellipse θ. 
 
Lineal Circular Elliptical 
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The raw data plotted on the chart recorder represent the ellipticity of the sample in radians: 
[ ]radAA RLr )(4
303.2
−=θ , which can be converted into degrees 
[ ]radAA RLd πθ
180)(
4
303.2
⋅−= .  
 
Mean molar ellipticity per residue is used to compare ellipticity values of proteins and 
peptides:  
 
r
dmr nlc
M
⋅⋅
⋅= θθ   (eq. 2.6-1) 
Where l, is path length, c concentration, M molecular weight an nr number of residues. The 
units of CD spectroscopy are reported in decimol: ⎥
⎦
⎤
⎢
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2.6.2 CD spectra of proteins 
Biological macromolecules such as proteins are composed of chiral molecules, which are 
optically active elements, and because they can adopt different types of three-dimensional 
structures, each type of molecule produces distinct CD spectra. 
 
CD in the far ultraviolet 
CD spectra in the far ultra violet region (190-250 nm) are widely used for the characterisation 
of secondary elements of the protein structure. At these wavelengths, the chromophore is the 
peptide bond, and the signal arises when it is located in a regular, folded environment. 
 
Amide chromophore 
The amide chromophore along with the direction and magnitude of the *π−n  and *ππ −  
transition moments of the amide group is shown in the figure 2.6-3. The *π−n  transition 
involves non-bonding electrons of oxygen atom of the carbonyl and *ππ −  transition 
involves the π electrons of the carbonyl and intensity and energy of these transitions 
depends on Ψ and Φ angles that means, of the secondary structure (Moffitt, 1956). 
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Figure 2.6-3 The amide bond of the polypeptide backbone shown with the moments of the *π−n  
and the *ππ −  transition (Adopted from Moffitt, 1956). 
 
Structure stability of the peptide bond, can be explained by the electronic resonance 
character of the O=C-N structure. Pauling and Corey (1951), reported, as shown in figure 
2.6-4, that in the structure I the C-N bond contains only axial symmetric σ–electrons allowing 
free rotation, whereas structure II has σ and π- electrons in the C-N bond giving rise to a 
large dipole moment and inhibiting rotation. 
 
C
N
O
H
C
N
O
H
or
I II  
 
Figure 2.6-4 Electronic resonance character of peptide bond due to the π like molecular orbital that 
extends over O-C-N. I represent σ–electrons. II represent σ and π- electrons (Adopted from Pauling 
and Corey, 1951)  
 
A polypeptide chain in solution folds up according to the polarity of the side chains it contains 
and the rotation of the peptide backbone bond angels is largely determined by Van der 
Waals radii of the side chain. The torsion angles define the tilt between two neighbouring 
amide planes, the plane of the peptide bond with the Cα at the center of the rotation. The two 
bonds in which rotation is allowed: R⎯Cα⎯NH, known as the Φ bond and the CO⎯Cα⎯R 
known as Ψ bond (Nosoh and Sekiguchi, 1991). Thus, backbone conformation of a peptide 
can be calculated through the interplay of rotation around the bonds defined by the torsion 
angles Φ and Ψ (figure 2.6.3). 
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The amide chromophore in a polymer 
Since amide chromophores interact in the folded protein, it is the three dimensional 
arrangement of these chromophores that affects the electronical structure and therefore, the 
spectrum of the whole protein. 
 
The monomer units of two chromophores in an ordered array are described by their wave 
functions ψ1 and ψ2. The oscillation of excitation energy between ψ*ψ2 and ψ1ψ* and the all 
over excited state of the dimer is given by: )(
2
1
2
*
1
*
21 ψψψψψ ±= . 
 
Excitation splitting is the result of the interaction of the monomers of a chromophore in an 
ordered structure and the calculation of the CD spectrum can be performed by the 
interactions of the *π−n  and *ππ −  transition moments (Greenfield and Fasman, 1969). 
 
 
Figure 2.6-5 a) CD spectra of poly-L-alanine in the *π−n  transition *ππ −  parallel (II) and 
perpendicular (⊥) transition (Adopted from Quadrifoglio and Urry 1968). b) CD spectra of poly-L-
alanine showed the cotton effect of α-helix, ß-sheet and random coli structure (Adopted from 
Greenfield and Fasman 1969) 
 
For example, poly-L-lysine can adopt three different conformations merely by varying the pH 
and temperature. Random coil at pH 7.0, α-helix at pH 10.8 and ß-form at pH 11.1 after 
heating to 52°C and recooling (Rosenheck and Doty, 1961; Sarkar and Doty, 1966). Figure 
a) b) 
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2.6-5 shows that the CD spectra of the random coil are made up of the two bands of the 
amide chromophore, a positive at 212 nm in the *ππ −  transition and a negative at 195 nm 
in the transition *π−n . The ß-sheet spectra display a negative band at 218 nm in the 
transition *ππ −  and a positive at 196 nm in the transition *π−n . The α-helix spectra are 
the most complex, because the exciton coupling of the *ππ −  transitions leads to a positive 
*ππ −  transition (⊥) at 191 nm and negative *ππ −  transition (II) at 208 nm. In addition, 
the negative *π−n  transition shifts to 222 nm (Sarkar and Doty, 1966, Greenfield and 
Fasman, 1969). 
 
CD in the near ultraviolet 
The near ultraviolet wavelengths (250 to 350 nm) are used to determine differences between 
the folded and unfolded state of a protein and in the different participation of each of the 
chromophores in the transition. The aromatic residues in a protein absorb at these 
wavelengths. If these aromatic residues are held rigidly in an asymmetric environment, they 
exhibit CD bands. The band of CD depends upon both the specific environment and the 
freedom of rotation around Cα, Cβ and Cγ bonds. For this reason, the optical activity is a 
function of the folded structure of the protein. The aromatic chromophores in the near UV 
region have only *ππ −  transition. This transition is in the plane 1La and 1Lb. Each of these 
transitions is in the plane of the π bonding system, where 1La and 1Lb are perpendicular to 
each other (Mulkerrin; 1996).  
 
The phenylalanine chromophore 
The phenylalanine side chain contains benzene, therefore has a high degree of symmetry 
and chromophore, which is weakly absorbing. The spectrum of phenylalanine has four 
vibronic bands at 245, 256, 262 and 267.  
 
The tyrosine chromophore 
Tyrosine has a hydroxyl substituent on the benzene ring and is more asymmetric than 
phenylalanine. Therefore, there is a significant increase in the intensity of the 1Lb band. The 
tyrosine band is at about 276 nm with a shoulder at 283 nm. 
 
Tryptophan chromophore 
The tryptophan chromophore also has two transitions, 1La and 1Lb. The 1La transition dipole 
results in negative charge density that is confined to the more hydrophobic region of the 
indole ring. Tryptophan bands are characterised by the bands at about 290 and 298 nm. 
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2.6.3 Estimation of the secondary structure of protein in solution  
The methods of CD analysis assume that the spectra of a protein can be represented by a 
linear combination of the spectra of its secondary structural elements (Greenfield and 
Fasman, 1969; Chen et al., 1974). The mean residue ellipticity, θ, at any wavelength, λ, of 
protein in aqueous solution is expressed as:  
 noiseffff RRttßß
n
HH ++++= θθθθθ λ    (eq. 2.6-2) 
 
With the two constraints: 1 ≥ fj ≥ 0 and Σfj = 1 
 
Where θλ is the CD of the protein as a function of wavelength, f is the fraction of each 
secondary structure and θH, θß and θR are the ellipticities of each α-helix, ß-form, ß-turn and 
unordered form, n refers to the average number of peptide units per helical segment in a 
protein molecule. The noise term includes the contribution of aromatic chromophores. 
 
Estimation of the secondary structure is made principally using algorithms, which calculate a 
set of orthogonal basis spectra, all of which represent some part of each of the secondary 
structural elements. The basis spectra are derived from the CD spectra of proteins from 
which the secondary structural content has been determined by crystallography. It is the 
solution of each of the secondary structural elements in the protein (Mulkerrin, 1996). The 
principal algorithms to calculate secondary structure are: Standard for linear regression, 
which is used for evaluating the effects of mutations, ligands and solvents on protein 
conformation, used by Greenfield and Fasman (1969) in the study of polypeptides with 
known conformation. 
 
Ridge regression, CONTIN, developed by Provencher and Gloeckner (1981), fits the CD of 
unknown proteins by a linear combination of the spectra of a large date base of proteins with 
known conformations. In this method, the contribution of each reference spectrum is kept 
small unless it contributes to a good agreement between the theoretical best-fit curve and the 
raw data (Provencher and Gloeckner 1981). 
 
In variable selection, VARSLC, an initial large database of proteins with known spectra and 
secondary structures is selected. Some of the protein spectra are then eliminated 
systematically to create new date bases with a smaller number of standards. SVD is 
performed using all of the reduced data sets and the ones fulfilling selection criteria for a 
good fit are averaged (Manavalan and Johnson, 1987). 
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Self consistent methods, SELCON, program performed by Sreerama and Woody, is a 
modification of VARSLC that is faster to use. With suitable references, this program can be 
used to estimate the contribution of the P2 conformation in proteins and the length of helical 
and beta segments (Sreerama and Woody, 1993a; Sreerama and Woody, 2000). 
 
CDSSTR developed by Johnson (1999) is also a modification of VARSLC which use all 
possible combinations of a fixed number of proteins in the reference set.  
 
Presuming the reports by several authors (Greenfield and Fasman, 1969; Manavalan and 
Johnson, 1987; Provencher and Gloeckner 1981; Sreerama and Woody, 1994, Johnson, 
1999), the table 2.6-1 shows advantage and drawback of some of the most popular 
algorithms used to estimate secondary structure of proteins. The authors recommend 
SELCON program to determine conformation of globular protein in solution and CONTIN with 
a suitable set of reference to calculate polypeptide conformation.  
 
Table 2.6-1 Advantage and drawback of some algorithm to calculate secondary structure of 
proteins from CD spectra 
Method Advantage Drawback 
CONTIN Relatively good estimate of ß-turns References are different for every fit 
VARSLC Superior fit Very slow 
SELCON Good estimates of ß-sheet and 
turns in proteins 
Poor fits of spectra of polypeptides with 
high ß-sheet content 
CDSSTR The most accurate analysis results Very slow 
 
A comparative study of CONTIN, SELCON and CDSSTR realised by Sreerama and Woody 
(2000), indicate that while CDSSTR performed the best with a smaller reference and a larger 
wavelength range, the performance of individual secondary structures were mixed. For this 
reason, the authors recommend that all three methods can be used in conjunction for a 
reliable analysis. 
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3 Materials and methods 
 
3.1 Materials 
3.1.1 Chemicals 
Acetic acid 100% p.a. AppliChem, Darmstadt, Germany 
Acrylamide 2X, analytical grade Serva, Heidelberg, Germany 
Ammonium persulfate, analytical grade Laborchemie Apolda, Germany 
Nα-Benzyloxycarbonyl-L-glutamylglycine Sigma-Aldrich, Steinheim, Germany 
αs1-Casein for biochemistry Merck, Darmstadt, Germany 
ß- Casein (isolated according Aschaffenburg, 1963) Institut für Lebensmittelchemie 
TU-Dresden, Germany 
ß-Lactoglobulin (isolated according Konrad and 
Lieske, 1997) 
Hochschule Anhalt (FH), Köthen, 
Germany 
Coomasie ® Brillant Blue G 250 Serva, Heidelberg, Germany 
Cytochrom c for biochemistry Merck, Darmstadt, Germany 
Ethanol abs, HPLC grade CHN, Fridolfing, Germany 
1,4-Dithiothreitol, electrophoresis grade ICN Biomedicals, Ohio, USA 
Folin & Ciocalteu´s phenol reagent 2.0 Normal Sigma-Aldrich, Steinheim, Germany 
Gel filtration LMW calibration kit Amersham Biosciences, England 
Glucono-δ-lactone 99.5% Calbiochem ®, Darmstadt, Germany 
Glutathione, reduced form, 98% Sigma,-Aldrich, Steinheim, Germany 
Glycerine 86 – 88% for analysis Riedel-de Haën, Seelze, Germany 
Hydrochloric acid 37%, analysed reagent J.T. Baker, Deventer, Holland 
Imidazole pure Serva, Heidelberg, Germany 
Iodoacetamide, research grade  Serva, Heidelberg, Germany 
Iron III chloride 99% for analysis Filsum, Filsum, Germany 
L-Glutamic acid γ-monohydroxamate Sigma-Aldrich, Steinheim, Germany 
Lactose/D-Galactose Enzymatic BioAnalysis R-Biopharm AG, Darmstadt, Germany 
N-N´-Methylene bisacrylamide 2X, analytical grade Serva, Heidelberg, Germany 
Orange G (C.I. 16230) Merck, Darmstadt, Germany 
Protein Test Mixture 6 for SDS-PAGE Serva, Heidelberg, Germany 
2-Propanol gradient grade for liquid chromatography Merck, Darmstadt, Germany 
Sodium acetate anhydrous, GR for analysis Merck, Darmstand, Germany 
Sodium chloride, GR for analysis Merck, Darmstadt, Germany 
Sodium hydroxide, pellets extra pure Merck,  Darmstadt, Germany 
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Sodium laurylsulfate⋅Na-salt 2xcryst. analytical 
grade 
Serva, Heidelberg, Germany 
 
Sodium phosphate dibasic dihydrate, puriss. p.a. 
 
Sigma-Aldrich, Steinheim, Germany 
Sodium phosphate dibasic dihydrate, GR for 
analysis 
 
Merck, Darmstadt, Germany 
Sodium phosphate monobasic monohydrate,  
puriss. p.a. 
Sigma-Aldrich, Steinheim, Germany 
N, N, N´, N´-Tetramethylethylenediamine,  
for synthesis 
Merck, Darmstand, Germany 
TCEP Hydrochloride 101.1% Calbiochem ®, Darmstadt, Germany
Transglutaminase from  
Streptoverticillium mobaraense  
Transglutaminase Activa TM MP, Sample 
Ajinomoto, Hamburg, Germany 
 
Transglutaminase from guinea pig liver  
(Factor XIIIa) 
Sigma-Aldrich, Steinheim, Germany 
Tris(hydroxymethyl)-aminomethane, GR for analysis 
buffer substances 
Merck, Darmstadt, Germany 
Trichloroacetic acid, crystal form, >99% J.T. Backer, Deventer, Holland 
Urea, pearl form, >99% Fluka, Steinheim, Germany 
 
3.1.2 Expendables  
Centrifugal filters Ultrafree ® - CL Microcentrifuge Filters Millipore 
NMWL 10,000DA, regenerated cellulose membrane 
Sigma-Aldrich, Steinheim, Germany 
Concentrator Vivaspin 15R  
10,000 MWCO, modified regenerated cellulose membrane 
Viva Science, Hanover, Germany 
Dialysis membrane Type 27 
12 – 16 kD pore size 24 A 
Biomol Feinchemikalien, Hamburg, Germany 
Filters Spartan 14/0.45 RC 
Regenerated cellulose membrane 
Schleicher & Schell, Dassel, Germany 
Anotop 25 Plus 
Inorganic membrane  
Whatman, Dassel, Germany 
Reaction tube for  
high pressure treatment 
Cryo-Röhrchen 2 and 5 mL 
Carl Roth + Co.KG, Karlsruhe, Germany 
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3.1.3 Equipment 
Balance BP 121 S, BP 3100 S  
Sartorius, Göttingen, Germany 
Centrifuge  5804, Eppendorf AG, Köln, Germany 
 6000 I, Heraeus, Hanau, Germany 
Chromatography system Biological LP System with a Model 2128 Fraction collector and a 
Model 1325 Chard Recorder 
Bio Rad Laboratories, München, Germany 
HPLC pump K-1001 with an UV detector K-2500, electrically 
driven 6-Port-Multi-Channel Valve, Interface Box 
Knauer, Berlin, Germany 
Data analysis: Software CDPro using CONTIN method using a 48-protein 
reference set (Sreerama, Woody 2000) 
Electrophoresis system SE 600 Hoeffer Unit, Amersham Biosciences Europe, Hamburg, 
Germany with a Powder Supply Model 1000/500,  
Bio Rad Laboratories, München, Germany 
Lyophilisation device  Beta 1-8 K, Martin CHRIST, Osterode, Germany 
Magnetic stirrers Ikamag ® RH, IKA-Werke, Staufen, Germany 
Motor KMGE electronic, IKA-Werke, Staufen, Germany 
Nitrogen determination 
system 
Digestion Unit K-435 with a Scrubber B-414, and a Digestion 
Unit K-435 
Büchi Labortechnik, Flawil, Switzerland 
pH-Meter pH 526, WTW, Weinheim, Germany 
Rheology equipment  Physica UM oscillation rheometer with a Couette (CC27/Pr-
150Q- DIN 53019) cylinder 
Physica Messtechnik GmbH, Stuttgart, Germany 
Spectrophotometer UV/ Visible Spectrophotometer Ultrospec 100 
Pharmacia Biotech, Freiburg, Germany 
Spectropolarimeter Jasco J 710 spectropolarimeter 
Jasco Labor- und Datentechnik GmbH,  
Gross-Umstadt, Germany 
Water bath  RM6 LAUDA  Burgwedel, Germany 
Ultrasonic wave Sonorex RK52H, Bandelin electronic, Berlin, Germany 
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High hydrostatic pressure 
equipment 
High Pressure laboratory Unit 
Dieckers GmbH & Co.KG, Willich-Neersen, Germany 
 
Line 2
Temperature regulator 
and indicator
8888
Autoclave 2
Primary pressure
M3
5 L Tank
Pressure intensifier
max. 7000 bar
Primary pressure
V3
Release 
valve
V4
8888
System indicator
Line 2
V6
HP-Pump
Intensifier valve
V2
Compressed air
V1
Border
Schaltschema 7000 bar - Druckerzeuger
und Autoklaven - Einheit
Auftrags: 110-644/615016/01-1.2-023 32.10
8888
Line 1
Autoclave 1
Air pressure indicator
M2
Pressure regulator
Air pressure indicator
M1
V5
Pressure sensor
Pressure indicator
Line 1
8888
230 V AC
Filter
Air pressure
 
Figure 3.2-1 High hydrostatic pressure laboratory unit. ( ⎯ ) 0.16 MPa air pressure ( ⎯ ) 100 MPa 
high pressure supply. ( ⎯ ) 700 MPa high pressure supply ( ⎯ ) return. 
 
Conditions of high hydrostatic pressure laboratory unit 
High pressure range (MPa): 0.1 to 600 
Temperature range (°C): 23 to 80 
Volume sample (mL): 1.5 to 5 
High pressure system: Water: ethylene-glycol mixture (1:1) 
∆P/∆t (MPa/min): 300 
Decompression time (s): 30 
Maximal pressure loss (%) 4 
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3.2 Transglutaminase unter high pressure 
Laboratory high hydrostatic pressure equipment was used to analyse inactivation kinetics of 
microbial (MTG) and animal transglutaminase at 0.1 to 600 MPa. Conformational change of 
MTG structure under high pressure was analysed using circular dichroism spectroscopy (CD) 
and formation of products was analysed using SDS-PAGE electrophoresis and amino acid 
analysis. 
 
3.2.1 Preparation of MTG samples 
a) MTG sample for enzyme kinetic 
Microbial transglutaminase (0.4655 g) from Streptoverticillium mobaraense, Activa TM MP, 
was dissolved in 90 mL 0.2 mol/L TRIS-acetate buffer and the pH adjusted to 6.0 using 0.2 
mol/L TRIS solution. The volume was then made up to 100 mL using the same buffer to 
obtain an activity of 40 U/100mL. 
 
Animal transglutaminase (0.98 mg) from guinea pig liver was dissolved in 4 mL 0.2 mol/L 
TRIS-acetate buffer pH 6.0 and the pH adjusted to 6.0 using 0.2 mol/L TRIS solution. The 
volume was then made up to 5 mL using the same buffer to obtain an activity of 0.56 U/mL. 
 
Enzyme stock solutions were cooled to 6°C, placed into polypropylene tubes (2 mL) without 
trapping air bubbles and stored at 6°C until required for high pressure and thermal treatment 
(section 3.2.2). 
 
b) MTG sample for circular dichroism spectroscopy, sodium dodecyl sulfate-
polyacrylamide gel electrophoreses and amino acid analysis 
Microbial transglutaminase (0.4655 g) from Streptoverticillium mobaraense, Activa TM MP, 
was dissolved in 9 mL 0.2 mol/L TRIS-acetate buffer and the pH adjusted to 6.0 using 0.2 
mol/L TRIS solution. The volume was then made up to 10 mL using the same buffer. 
 
Enzyme stock solutions were cooled to 6°C, placed into polypropylene tubes (5 mL) without 
trapping air bubbles and stored at 6 °C until when required for high pressure and thermal 
treatment (section 3.2.2). 
 
3.2.2 High pressure and thermal treatment 
High-pressure levels were generated using a hydrostatic pump and water: ethylene-glycol 
mixture (1:1). The pressure was built up at the rate of 300 MPa/min and the decompression 
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time was less than 30 sec. Polypropylene tubes containing guinea pig liver TG and MTG 
samples (section 3.2.1a and 3.2.1b) were placed into the preheated pressure vessels of the 
hydrostatic pressure machine. The samples were treated at 0.1 (atmospheric pressure), 200, 
400, 600 MPa for 10 to 60 min at 10, 30, 40 and 50°C. The same procedure was used to 
perform the thermal treatment. The samples were incubated at 0.1 MPa for 2, 4, 6, 8 and 10 
min at 60, 70 and 80°C. Enzyme activity was measured immediately after treatment by 
hydroxamate method (section 3.2.3). 
 
Separation of soluble and irreversible protein precipitation  
After high pressure and thermal treatment, the samples were centrifuged in cone-shaped 
glass tubes at 1 157 x g for 15 min to separate irreversibly precipitated protein. Enzyme 
activity and structure of soluble protein was analysed using hydroxamate method (section 
3.2.3) and circular dichroism (section 3.2.4). Precipitated protein was analysed using SDS-
PAGE electrophoresis (section 3.2.5) and amino acid analysis (section 3.2.6). 
 
3.2.3 Determination of transglutaminase activity 
Material 
Enzyme solution  
Animal transglutaminase and MTG solutions before and after high pressure and thermal 
treatment (3.2.1 and 3.2.2) were used. 
 
Substrate solution for microbial transglutaminase from Streptoverticillium mobaraense. 
0.1 mol/L hydroxylamine, 10 mmol/L glutathione, 30 mmol/L Nα-CBZ-Gln-Lys 
69.5 mg hydroxylamine hydrochloride was dissolved in 5 mL 0.2 mol/L TRIS-acetate buffer 
pH 6.0 and pH was adjusted to 6.0 using 0.2 mol/L TRIS solution. Then, 101.1 mg Nα-CBZ-
Gln-Lys and 30.73 mg glutathione was added. The pH was adjusted to 6.0 using 0.2 mol/L 
TRIS solution and the volume made up to 10 mL with 0.2 mol/L TRIS-acetate buffer pH 6.0. 
 
Substrate solution for transglutaminase from guinea pig liver (Factor XIIIa). 
0.1 mol/L hydroxylamine, 10 mmol/L glutathione, 30 mmol/L Nα-CBZ-Gln-Lys, 5 mmol/L 
CaCl2: 
The preparation was carried out as described above incorporating additionally 5.6 mg CaCl2 
 
Ferric chloride-trichloroacetic acid reagent 
5% (w/v) ferric chloride solution (5.0 g ferric chloride hexahydrate in 100 mL 0.1 mol/L HCl) 
12% (w/v) trichloroacetic acid (12.0 g trichloroacetic acid in 100 mL distilled water) 
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12% (v/v) HCl (32.43 mL HCl in 100 mL distilled water) 
Equal volumes were mixed using a magnetic stirrer until a clear and transparent yellow 
solution was obtained. 
 
Calibration curve 
A stock solution was prepared by dissolving 8.1 mg L-Glutamic acid gamma–
monohydroxamate in 20 mL TRIS-acetate buffer pH 6.0. The solution was diluted to obtain 
concentrations of 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 mmol/L. The different dilutions were treated 
under the same conditions of the sample to obtain a calibration curve. 
 
Method 
Enzyme sample solution (0.5 mL) was added to 1 mL substrate solution that was previously 
incubated at 37°C for 10 min. Immediately, after enzyme sample solution addition, the 
sample was vortex mixed and further incubated at 37°C for 10 min. Ferric chloride-
trichloroacetic acid reagent (1.5 mL) was added and vigorously mixed to stop the reaction. 
To separate any insoluble material, the sample was centrifuged at 1500 x g for 10 min. The 
supernatant was measured after 20 min at 525 nm using an Ultrospec 1000 
spectrophotometer (Pharmacia Biotech, Freiburg, Germany). An enzyme unit is defined as 
the amount of enzyme which catalyses the formation of 0.5 µmole of hydroxamate per min 
from Nα-CBZ-Gln-Lys and hydroxylamine at pH 6.0 at 37 °C (Folk and Cole, 1969). 
 
3.2.4 Circular dichroism 
Material 
Soluble protein samples obtained from high pressure and thermal treatment (section 3.2.2) 
were again centrifuged at 1928 x g in a Vivaspin 15R concentrator assembly having a 
membrane with a 10,000 MWCO (HY, Viva Science, Hannover, Germany) in order to 
eliminate lactose and maltodextrins. Seven washings were made with 10 mL 0.1 mol/L 
phosphate buffer pH 7.0 until free reducing sugars were no longer detectable (Fehling 
method section 3.2.7). The samples were concentrated until protein concentration of ~0.2 
mg/mL (Lowry method section 3.2.8). 
 
Method 
Far-UV circular dichroism (CD) of the samples was recorded in the range of 178–260 nm at a 
enzyme concentration of 0.2 mg/mL phosphate buffer 0.1M, using a Jasco J 710 
spectropolarimeter (Gross-Umstadt GmbH, Germany). A quartz cylindrical cell having 1 mm 
path length was used for the measurements. The following parameters were used: step 
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resolution, 1 nm; speed, 20 nm per min, band width, 1 nm, response, 4 s and sensitivity, 200 
mdeg. Mean ellipticity using a mean residue molecular weight of 38 and 331 amino acid 
residues for MTG was calculated from amino acid sequence of the subunits (SWISS-PROT 
database, http://us.expasy.org/, USA). The CD spectra were analysed by a curve-fitting 
software CDPro using CONTIN method (Sreerama and Woody, 2000) to obtain the 
secondary structural contents of the proteins. The estimation was performed using a 48-
protein reference set (Sreerama and Woody, 2000). 
 
3.2.5 Sodium dodecyl sulfate-polyacrylamide gel electrophoreses  
Irreversible precipitated protein samples obtained from high pressure and thermal treatment 
(section 3.2.2) were dissolved in 1 mL 0. 4 M TRIS-HCl buffer pH 8.0 containing 2% SDS. 
The samples were analyzed using a SDS-PAGE with a gradient of 5, 8 and 12 % acrylamide 
gels following the procedure of Lane (1978) with modifications in sample preparation and 
running conditions as described below. 
 
Material 
Stock solution for sample preparation 
Buffer for liquid sample pH 8.0  
4.84 g TRIS, 0.03 g EDTA, 2.0 g SDS, 13.8 mL glycerol 87 % and 0.01 g orange G in 100 
mL double-distilled water. 
Buffer for solid sample pH 8.0 
4.84 g TRIS, 0.03 g EDTA, 2.0 g SDS, 13.8 mL glycerol 87 % and 0.01 g orange G in 50 mL 
double-distilled water. 
Iodoacetamide solution 20 % (w/v) 
20 mg iodoacetamide in 100 µL double-distilled water 
1,4-Dithiothreitol (DTT) stock solution 
150 mg DTT in 200 mL double-distilled water 
 
Stock solutions for gel preparation 
30% Acrylamide stock (30% T) 
29.1 g acrylamide 2x and 0.9 g N,N´-methylene bisacrylamide in 100 mL double-distilled 
water. 
Gel buffer pH 8.5 
36.6 g TRIS, 0.3 g SDS were dissolved in 50 mL double-distilled water and pH adjusted to 
8.9 using 6 mol/L HCl. The volume was made up to 100 mL with double-distilled water. 
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Ammonium persulfate (APS) solution: 
430 mg APS in 1 mL double-distilled water. 
 
Stock solution for electrophoresis buffers:  
Anode buffer; 0.2 mol/L TRIS-HCl pH 8.9: 
96.4 g TRIS was dissolved in 2 L double-distilled water and pH adjusted to 8.9 using 2 mol/L 
HCl. The volume was made up to 4 L with double-distilled water. 
Cathode buffer; 0.1 mol/L TRIS- tricine pH 8.2 
12.1 g TRIS, 17.9 g tricine were dissolved in 750 mL double-distilled water then 1 g SDS was 
added and dissolved. The pH was adjusted to 8.2 using 6 mol/L HCl and the volume made 
up to 1 L with double-distilled water. 
 
Stock solution for coomassie staining 
Fixing solution; trichloroacetic acid 12% (w/v) 
20.0 g trichloroacetic acid in 1 L double-distilled water 
Staining solution 
45 mg coomassie G-250 in 1 L destaining solution 
Destaining solution 
Water: methanol: acetic acid (65:25:10) 
 
Protein standard solution 
2 mg protein test mixture 6 for SDS-PAGE (Serva, Heidelberg, Germany) in 1 mL sample 
buffer. 
 
Gel cassette assembly and casting 
Each vertical gel cassette consisted of two cleaned and degreased glass plates (18 x 16 cm), 
two 1.50 mm thickness spacers and two clamps. The plates were aligned and placed into a 
casting stand with a rubber gasket bottom to seal. 
 
A discontinuous concentration gel cassette was performed by mixing three different 
concentrations of a 30% acrylamide stock solution. High percentage of acrylamide at the 
bottom of the gel (resolving gel) and low percentage at the top (stacking gel) were applied as 
is showed in table 3.2-1. 
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Table 3.2-1 Discontinuous concentration acrylamide gel for SDS-PAGE 
 Gel composition (% Acrylamide) 
 12%  8%  5%  
30% Acrylamide stock (mL) 10.04 2.64 1.64 
Gel buffer (mL) 8.30 3.30 2.50 
Glycerol 87 % (mL) 2.50 0.80 - 
 
Degassed in a ultrasonic bath for 30 min 
 
Cooled to 20 °C 
 
Made up to (mL) 25.00 10.00 10.00 
 
TEMED (µL) 12.50 5.00 5.00 
APS solution (µL) 25.00 10.00 20.00 
 
Method 
Sample preparation and loading 
Native sample of MTG (section 3.2.1) was concentrated from 6 to 2 mL by centrifugation at 
1928 x g using a Vivaspin 15R concentrator. Liquid sample buffer pH 8.0 (1 mL) was added 
to the concentrated sample and vigorously mixed using a vortex mixer until obtain a 
homogeneous liquid. 
 
Buffer for solid sample pH 8.0 (1 mL) was added to irreversible precipitate samples (section 
3.2.2) and vigorously vortex mixed to obtain a homogeneous liquid. DTT solution (10 µL) was 
added to 500 µL homogeneous samples. The solution was boiled for 5 min and cooled to 20 
°C. Iodoacetamide solution (51 µL) was added to sample and allowed to stand for 30 min 
then centrifuged at 2 000 x g for 2 min. Samples were loaded on the vertical gel. 
 
The gel cassette was disassembled from the casting stand and washed with distilled water. 
The comb was removed and each well was washed with double-distilled water to remove 
unpolymerised acrylamide. The cleaned gel cassette was placed in the upper buffer chamber 
with a glass plate to the opposite side and each well was filled with cathode buffer. Aliquots 
of 12 and15 µL of protein standard solution and MTG samples were loaded slowly into the 
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wells. The unit was assembled with a cooling water system after aggregation of anode buffer 
into the lower chamber and cathode buffer into the upper chamber. 
 
Coomassie staining  
After electrophoresis the gel was carefully submerged into the fixing solution for 30 min, then 
washed three times with distilled water and submerged into the coomassie staining solution 
for approximately 45 min or until the defined bands appeared. To remove excessive 
coloration, the gel was washed for a few minutes with a destaining solution and finally 
packed in polyethylene folio. 
 
Running conditions 
Electrophoresis unit: Vertical SE 600 Hoeffer, Biosciences Europa , Germany 
Number of gels: 1 
Glass plate dimensions 18 x 16 cm 
Gel thickness: 1.50 mm 
Cooling system: RM6 LAUDA  CFR-free Burgwedel, Germany 
Running temperature: 10 °C 
Powder Supply: Model 1000/500, Bio Rad, Germany 
 
Table 3.2-2 Running parameters for SDS-PAGE electrophoresis 
 Time (h) Voltage (V) Current (mA) 
Starting: 0.30 400 35 
Final: 8.00 800 65 
 
3.2.6 Amino acid analysis 
Material 
Sample preparation 
Irreversible precipitated protein samples from high pressure an thermal treatment (section 
3.2.2) were dialysed at 6°C using a dialysis membrane type 27 (Biomol Feinchemikalien, 
Hamburg, Germany). After removal of sugars, the samples were freeze-dried and stored at  
–18°C.  
 
Acid hydrolysis of samples 
Freeze-dried precipitated protein (10 to 11 mg) were hydrolysed in 10 mL 6 mol/L HCl 
following the procedure of Henle et al. (1991).  
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Elution buffer system  
Buffer number Buffer Molar (mol/L) pH 
1 Deionised water with 0.1 % Tetrahydrofuran  - 
2 Sodium citrate 0.2 3.18 
3 Sodium citrate 0.2 4.20 
4 Deionised water with 0.1 % Tetrahydrofuran  - 
5 Sodium citrate 1.2 6.45 
6 Na OH 0.4 - 
 
Method 
Amino acid analysis was performed with an Alpha Plus Amino Acid Analyser (LKB Biochrom, 
Freiburg, Germany) using an ion exchange chromatograph with a sodium system. The 
chemicals, standards, analysis and the conditions of running were performed using 
procedures described in Henle et al. (1991, 1997). The elution profiles were detected by an 
ultraviolet detector (K-2501 Knauer, GmbH, Berlin) at 280 nm for furosine and a fluorescence 
detector (RF-535 Shimadzu Corporation, Japan) at excitation/emission of 335/385 nm for 
pentosidine. Subsequently, amino acids were detectable via derivatisation with ninhydrin. 
Peak integrations were evaluated using chromatography software (EuroChrom 2000, Knauer 
GmbH, Berlin). 
 
Sample preparation and loading 
Dried sample from acid hydrolysis was dissolved in 0.2 mol/L sodium citrate buffer pH 2.2 
and passed through a 0.20 µm membrane filter before subjecting it to the amino acid 
analyser. 
 
Operating conditions 
Amino acid analyser 
equipment: 
4151 Alpha Plus  
LKB Biochrom, Freiburg, Germany  
Column:  Analytic ion exchange chromatography 
125 mm × 4.6 mm PEEK 
Media of column: Harz 5 µm f. Na-System 
Laborbedarf und Analysentechnik K. Grüning, Olching, 
Germany 
Temperature system: 55-90 °C 
Sample concentration: 1 mg protein per 1 mL  
Injection volume  50 µL 
Flow rate : 16 mL/h 
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Table 3.2-3 Running parameters program for furosine detection 
Number Time Temperature (°C) Buffer Nin 
1 6:00 55 2 ON 
2 19:00 90 3 ON 
3 5:00 70 5 ON 
4 16:00 90 5 ON 
5 12:00 90 5 ON 
6 9:00 90 5 ON 
7 8:00 90 6 ON 
8 8:00 90 2(20%) ON 
9 1000 55 2 ON 
10 0:00 55 2 ON 
11 1:00 55 2 ON 
Detection Ultraviolet λ = 280 nm 
 
Table 3.2-4 Running parameters program for pentosidine detection 
Number Time Temperature (°C) Buffer Nin 
1 5:00 55 2 OFF 
2 0:05 55 3 OFF 
3 0:025 55 2 OFF 
4 0:05 55 3 OFF 
5 0:25 55 2 OFF 
6 0:05 55 3 OFF 
7 0:25 55 2 OFF 
8 0:05 55 2(20%) OFF 
9 0:25 55 2 OFF 
10 0:10 55 3 OFF 
11 0:20 55 2 OFF 
12 0:10 55 3 OFF 
13 0:20 55 2 OFF 
14 19:00 55 3 OFF 
15 5:00 65 4 OFF 
16 21:00 90 4 OFF 
17 5:00 90 4 OFF 
18 15:00 90 5 OFF 
19 8:00 90 6 OFF 
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20 8:00 90 2 OFF 
21 8:00 90 2(20%) OFF 
22 12:00 55 2 OFF 
23 0:00 55 2 OFF 
24 1:00 55 2 OFF 
Detection : Fluorescence λEx/λEm = 335/385 
 
3.2.7 Qualitative determination of reducing sugar 
Fehling  
Material 
Fehling solution A (6.9 g CuSO4·5H20 made up to 100 mL with distilled water) 
Fehling solution B (34.6 KNaC4H4O6·H2O and 10 g NaOH made up to 100 mL with distilled 
water) 
Methylene blue indicator, 1% aqueous solution 
 
3.2.8 Determination of protein concentration 
Kjeldahl  
Method 
MTG (0.5 g) and a Kjeldahl tablet catalyst were dissolved in 10 mL H2SO4 in a Kjeldahl flask. 
Then, they were digested about 6 h and distilled in the units of a Büchi Kjeldahl equipment. 
The ammonia was trapped in acid boric 2% solution and titrated with HCl 0.5 N.  
 
Lowry 
Material 
Lowry solution A (0.1% CuSO4·5H20, 0.2% Na tartrate in 400 mL distilled water) 
Lowry B (10% Na2CO3) in 400 mL 
Lowry C (Mixed solution A + B and made up to 1 L) 
5% SDS 
0.8 mol/L NaOH 
2N Folin-Ciocalteu´s phenol  
2 mg BSA in 40 mL 1% SDS 
Solution D (1 volume of Lowry C + 2 volumes of 5% SDS + 1 volume 0.8 mol/L NaOH) 
Solution E (1 volume of 2N Folin-Ciocalteu´s phenol + 5 volumes of distilled water) 
 
Method 
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Protein sample (< 100 µg protein) was dissolved in 1 mL solution D and reposing for 10 min. 
Then, solution E (0.2 mL) was added and vortex. The sample was measured after 30 min at 
750 nm using an Ultrospec 1000 spectrophotometer (Pharmacia Biotech, Freiburg, 
Germany). Calibration curve was performed under the same conditions of the sample in a 
protein concentration range from 20 to 100 µg protein. 
 
3.3 Affinity of microbial transglutaminase to acid-, αs1- and β-casein under 
atmospheric and high pressure 
The studies on the reaction kinetics of microbial transglutaminase using acid-, α- and β-
casein as substrate at 0.1 and 400 MPa at 40°C were carried out in the laboratory high 
hydrostatic pressure equipment to investigate the affinity of the enzyme with the different 
individual caseins. Isolation and characterisation of milk protein was performed using 
isoelectric precipitation, ion exchange chromatography, native and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. 
 
3.3.1 Isolation and identification of milk proteins 
Isolation of acid casein by isoelectric precipitation 
Acid casein was obtained by isoelectric precipitation at 20°C. Raw cow milk (500 mL) from 
Saxony, Germany, was diluted with distilled water (1:1), and then defatted three times by 
centrifugation at 300 x g for 15 min and 4°C. The obtained skim-milk was magnetically stirred 
while adjusting the pH to 4.6 using 1 mol/L HCl. The precipitated casein was filtered through 
a cotton mesh and then dispersed in 500 mL water and re-dissolved using 1 mol/L NaOH 
until pH 7.0 was attained. This procedure was repeated once to improve the purity of the 
casein. The casein was washed twice with acetone and once with ethanol, then re-dissolved 
distilled water (300 mL) and the pH adjusted to 7.0 using 1 mol/L NaOH. Acid casein solution 
was freeze-dried and stored at –18°C. 
 
a) Fractionation of acid casein by differential solubility 
Acid casein was fractioned by differential solubility in urea solution (Aschaffenburg, 1963). 
Freeze-dried Acid casein (~30 g) was dissolved in 3.3 mol/L urea solution (1 L) and 
magnetically stirred while adjusting the pH to 7.5 using 1 mol/L NaOH. The precipitated (γ-, 
α- and κ-casein) was separated by centrifugation at 300 x g for 15 min and 4°C. The 
supernatant, which remain ß-casein, was adjusted to pH 4.9 using 1 mol/L HCl, then the 
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volume was made up to 2 L with distilled water and warmed at 30°C until obtain a second 
precipitate (ß-casein). The procedure was repeated once to improve purity of the ß-casein.  
The precipitated ß-casein solution was dialysed against water at 6°C during 3 days using a 
dialysis membrane type 27. After desalting, the isolated fractions were freeze-dried and 
stored at –18°C. 
 
b) Isolation of αs1- and ß-casein by ion exchange chromatography 
Isolation of αs1- and ß-casein was carried out by ion exchange chromatography following the 
procedure of Schwarzenbolz (2000). The procedure was performed at 20 °C using a 
Biological LP system with a Source 30 Q ion exchange media (Pharmacia-LKB, Freiburg, 
Germany) at a flow rate of 10 mL/min using the elution buffer 0.02 mol/L imidazole (pH 7.0) 
containing 3.3 mol/L urea and 0.05% thioglycerine with a concentration gradient of 0.5 mol/L 
NaCl. Extinction of column eluate was measured at 280 nm and collected in 10 mL volumes 
using a fraction collector.  
 
Material 
Elution buffer A  
2.72 g imidazole, 396.4 g urea and 1.0 mL thioglycerine were dissolved in 1 L distilled water 
and the pH adjusted to 7.0 using 6 mol/L HCl. The volume was made up to 2 L with distilled 
water.  
Elution buffer B 
1.362 g imidazole, 198.20 g urea, 29.25 g NaCl and 0.5 mL thioglycerine were dissolved in 
500 mL distilled water and pH adjusted to pH 7.0 using 6 mol/L HCl. The volume was made 
up to 1 L using distilled water. 
Elution buffers A and B were filtered using a 0.45 µm regenerated cellulose filter (Schleicher 
& Schell, Dassel, Germany) and degassed in an ultrasonic bath for 45 min. 
 
Packing and stabilisation of ion exchange column 
Source 30 Q ion exchange media (Pharmacia-LKB, Freiburg, Germany) was dissolved in 
20% ethanol and packed in a 16 mm/10 cm Pharmacia column to form a bed volume of 20 
mL. Stabilization of the column was performed by passing of 1 volume of water and 5 
volumes elution buffer A at a flow rate of 5 to 10 mL/min. 
 
Method 
Sample preparation and loading 
5 g lyophilised acid casein; 50 mg TCEP and 18 g urea were dissolved in 50 mL elution 
buffer A. The pH was adjusted to 7.0 using 6 mol/L HCl. The volume was then made up to 
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100 mL with elution buffer A. The solution was passed through a 0.45 µm membrane filter 
before subjecting 6 mL portions to a chromatography column. 
 
Operating conditions 
Chromatography equipment: Biological LP System with a Model 2128 Fraction collector 
and a Model 1325 Chart Recorder, Bio Rad Laboratories, 
München, Germany 
Column:  16 mm i.d. x 10 cm height 
Amersham-Pharmacia, Freibug, Germany  
Column media: Source 30 Q ion exchange, Pharmacia-LKB,  
Freiburg, Germany 
Column volume: 20 mL 
Temperature system: 20 °C 
Sample concentration: 50 mg/ mL elution buffer A 
Injection volume: 6 mL 
Elution buffer A: 0.02 mol/L imidazol pH 7.0 
Containing: 3.3 mol/L urea and 0.05 % (v/v) thioglycerine 
Elution buffer B: 0.02 mol/L imidazol pH 7.0 
Containing: 3.3 M urea , 0.05 % (v/v) thioglycerine, 
0.5 mol/L NaCl 
Flow rate: 10 mL/min 
Detection: Ultraviolet λ = 280 nm 
 
Concentration gradient of NaCl: 
Elution buffer A
[mL] 
Elution buffer B
[%] 
0 15 
100 15 
300 25 
800 50 
850 50 
1050 100 
1200 100 
1210 15 
1300 15 
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The different fractions were collected and dialysed against water at 6°C during 3 days using 
a dialysis membrane type 27 (Biomol Feinchemikalien, Hamburg, Germany). After desalting, 
the isolated fractions were freeze-dried and stored at –18°C. Purity and characteristics of the 
isolated casein was analysed by polyacrylamide gel electrophoresis (section 3.2.5). 
 
3.3.2 Characterisation of isolated casein 
Isolated caseins were characterised by a polyacrylamide with urea and a sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis following the procedure of Jovin et al. (1970), 
cited by Westermeier (1997) and Lane (1978) and modified by Böhm (2002). 
 
a) Polyacrylamide gel electrophoresis using urea 
The purity of casein from isoelectric precipitation as well as α- and ß-casein obtained from 
ion exchange chromatography was analysed using 12% polyacrylamide gel containing 5 
mol/L urea in a standard vertical Hoeffer SE 600 electrophoresis unit (Amersham 
Biosciences, Hamburg, Germany). 
 
Materials 
Stock solution for sample preparation 
Sample buffer: 
15.0 g urea and 0.01 g bromophenol blue were dissolved in 6.25 mL gel buffer and made up 
to 25 mL with double-distilled water. 
 
Stock solutions for gel preparation 
30% Acrylamide stock (30% T) 
29.1 g acrylamide 2x and 0.9 g N,N´-Methylene bisacrylamide dissolved in 100 mL double-
distilled water. 
 
Gel buffer pH 8.9: 
36.6 g TRIS and 0.46 mL N,N,N´,N´-Tetramethylethylenediamine were dissolved in 48.0 mL 
1 mol/L HCl. The pH was adjusted to 8.9 using 2 mol/L HCl and made up to 100 mL with 
double-distilled water. 
 
Ammonium persulfate solution: 
430 mg APS in 1 mL double-distilled water. 
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Stock solution for electrophoresis unit 
Electrophoresis buffer pH 8.3 
15.0 g TRIS and 72.0 g glycine (87%) were dissolved in 2 L double-distilled water and the pH 
adjusted to 8.4 using 4 mol/L HCl. The volume was made up to 5 L with double- distilled 
water. 
 
Stock solution for coomassie staining 
Fixing solution; trichloroacetic acid 12% (w/v) 
20.0 g trichloroacetic acid in 1 L double-distilled water 
Staining solution 
45 mg coomassie G-250 in 1L destaining solution 
Destaining solution 
Water: methanol: acetic acid (65:25:10) 
Protein standard solution 
2 mg protein test mixture 6 for SDS-PAGE (Serva, Heidelberg, Germany) in 1 mL sample 
buffer. 
 
Gel cassette assembly and casting 
Each vertical gel cassette consisted of two cleaned and degreased glass plates (18 x 16 cm), 
two 1.50 mm thickness spacers and two clamps. The plates were aligned and placed into a 
casting stand with a rubber gasket bottom to seal. 
 
15.0 g urea was dissolved in 6.25 mL gel buffer and 25.0 mL 30% acrylamide stock and 
made up to 50 mL with double-distilled water. The gel solution was degassed in a ultrasonic 
bath for 30 min then cooled to 20 °C. Ammonium persulfate solution (18 µL) was added to 
gel solution and immediately applied into the cassette then a 1.50 mm thickness comb was 
inserted without trapping air bubbles. Polymerisation of gels was carried out at 20°C for 3 h. 
To prevent drying of gels, a plastic bag was placed above the gel cassettes. The gel was 
stored at 6°C for maximal 3 days. 
 
Method  
Sample preparation and loading 
Freeze-dried sodium caseinate, α- and ß-casein (3 mg) were dissolved in 1 mL sample 
buffer then centrifuged at 2000 x g for 2 min. Soluble protein of samples was loaded on the 
vertical gel. 
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Gel cassettes were disassembled from the casting stand and washed with distilled water. 
The comb was removed and each well was washed with double distilled water to remove 
unpolymerised acrylamide. Cleaned gel cassettes were placed into the upper buffer chamber 
with a glass plate to the opposite side and each well was filled with electrophoresis buffer 
(pH 8.3). Aliquots of 4, 3 and 4 µL of whole-, α- and ß-casein respectively were loaded slowly 
into the wells. The same electrophoresis buffer was added into the upper and lower chamber 
and the unit was assembled with a cooling water system. 
 
Operating conditions 
Electrophoresis unit: Vertical SE 600 Hoeffer, Biosciences Europe, Germany 
Number of gels: 1 
Glass plate dimensions: 18 x 16 cm 
Gel thickness: 1.50 mm 
Cooling system: RM6 LAUDA CFC, Burgwedel, Germany 
Running temperature: 10°C 
Power supply: Model 1000/500, Bio Rad Laboratories, München, Germany 
 
Table 3.3-1 Running parameters for native electrophoresis 
 Time (h) Voltage (V) Current (mA) 
Starting: 0.25 400 25 
Final: 3.00 800 50 
 
Coomassie staining  
After running the gel was carefully submerged into the fixing solution for 30 min, then washed 
three times with distilled water and submerged into the coomassie staining solution for 
approximately 45 min or until the defined bands appeared. To remove excessive coloration, 
the gel was washed for a few minutes with a destaining solution and finally packed in 
polyethylene folio. 
 
b) Sodium dodecyl sulphate-polyacrylamide gel electrophoresis  
Acid casein from isoelectric precipitation as well as α- and ß-casein obtained from ion 
exchange chromatography were characterised using a 12, 8 and 5% gradient polyacrylamide 
gel containing 5 mol/L urea using a Hoeffer SE 600 standard vertical electrophoresis unit 
(Amersham Biosciences, Hamburg, Germany). 
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Material 
Stock solution for sample and gel preparation, electrophoresis unit, coomassie staining and 
Protein standard solution were prepared as described in section 3.2.5. 
 
Gel cassette assembled and casting 
Gel cassette assembled and casting was performed following procedure described in section 
3.2.5 with the following modifications: 
 
Table 3.3-2 Discontinuous concentration acrylamide gel for SDS-PAGE 
Gel composition (% Acrylamide)  
12% 8% 5% 
Urea (g) 7.50 3.00 3.00 
30% Acrylamide stock (mL) 10.04 2.64 1.64 
Gel buffer (mL) 8.30 3.30 2.50 
Glycerol 87% (mL) 2.50 0.80 0.00 
 
Degassed in a ultrasonic bath for 30 min 
 
Cooled to 20°C 
 
Made up to (mL) 25.00 10.00 10.00 
 
TEMED (µL) 12.50 5.00 5.00 
APS solution (µL) 25.00 10.00 20.00 
 
Method 
Sample preparation and loading 
Freeze-dried sodium caseinate, α- and ß-casein (3 mg) were dissolved in 1 mL sample 
buffer. DTT solution (10 µL) was added to 500 µL casein samples then boiled for 5 min and 
cooled to 20°C. Iodoacetamide solution (51 µL) was added to samples and after 30 min 
centrifuged for 2 000 x g for 2 min. Soluble protein of samples was loaded on the vertical gel. 
 
Gel cassette was disassembled from the casting stand and washed with distilled water. The 
comb was removed and each well was washed with double-distilled water to clear 
unpolymerised acrylamide. The cleaned gel cassette was placed into the upper buffer 
chamber with a glass plate to the opposite side and each well was filled with cathode buffer. 
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Aliquots of protein standard solution (13 µL) and 5 µL of each whole, α- and ß-casein 
samples were loaded slowly into the wells. The unit was assembled with a cooling water 
system after aggregation of anode buffer into the lower chamber and cathode buffer into the 
upper chamber. After running, the gel was stained with coomassie following procedure 
described in section 3.2.5. 
 
Operating conditions 
Electrophoresis unit: Vertical SE 600 Hoeffer, Biosciences Europe , Germany 
Number of gels: 1 
Glass plate dimensions 18 x 16 cm 
Gel thickness: 1.50 mm 
Cooling system: RM6 LAUDA CFR-free Burgwedel, Germany 
Running temperature: 10 °C 
Power Supply: Model 1000/500, Bio Rad, Germany 
 
Table 3.3-3 Running parameters for SDS-PAGE electrophoresis 
 Time (h) Voltage (V) Current (mA) 
Starting: 0.30 400 35 
Final: 6.50 800 65 
 
 
3.3.3 Kinetic studies 
Reaction kinetics of MTG with acid casein, αs1- and ß-casein at 0.1 and 400 MPa at 40°C 
was analysed by monitoring casein oligomerisation using gel permeation chromatography 
(section 3.3.3b). 
 
a) Incubation experiments 
Stock solution of microbial transglutaminase (0.166 U /mL)  
Powder of MTG (0.0179 g) was dissolved in 8 mL 0.2 mol/L TRIS-acetate buffer pH 6.0 and 
pH was adjusted to pH 6.0 using 0.2 mol/L TRIS solution. The volume was made up to 10 
mL with the same buffer. 
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Stock solution of casein 
Freeze-dried acid casein (250 mg), β-casein (250 mg) or αs1-casein (50 mg), respectively, 
were separately dissolved in 15 mL 0.2 mol/L TRIS-acetate buffer pH 6.0 then magnetically 
stirred at 25 °C. The pH was adjusted to 6 and the volume made up to 20 mL with the same 
buffer. 
 
Reaction  
Stock solution of microbial transglutaminase (0.30 mL) at 6 °C was added to 4.7 mL casein 
solution at different concentrations (table 3.3-4 and 3.3-5) at 6 °C and immediately vortex 
mixed. Enzyme-substrate solution was applied into a 2 mL polypropylene tube without 
trapping air bubbles and placed into preheated pressure vessels of the hydrostatic pressure 
machine. The samples were treated at 0.1 and 400 MPa at 40 °C for 0, 5, 10, 15 and 20 min 
at as described in tables 3.3-4 and 3.3-5. The pressure was built up at the rate of 300 
MPa/min and the decompression time was less than 30 s. 
 
Table 3.3-4 Preparation of acid-casein and ß-casein as substrate for MTG kinetics 
Final casein concentration (mg/mL) 0.125 0.50 0.75 1.50 2.0 3.00 
Stock solution of casein (mL) at 6 °C 0.05 0.20 0.30 0.60 0.80 1.20 
0.2 mol/L TRIS-acetate buffer  
pH 6.0 (mL) at 6 °C 
4.65 4.45 4.40 4.10 3.90 3.50 
 
Vortex mixed 
 
Stock solution of MTG (mL) at 6 °C 0.30 0.30 0.30 0.30 0.30 0.30 
 
Vortex mixed 
 
Applied in 2mL polypropylene tube without air bubbles air 
 
Reaction conditions: 
Temperature (°C): 
High pressure (MPa):  
Time of reaction (min):  
40 
0.1 and 400 
5, 10, 15, 20 
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Table 3.3-5 Preparation of αs1-casein as substrate for MTG kinetics  
Final casein concentration (mg/mL) 0.125 0.50 0.75 1.00 1.75 2.00 
Stock solution of casein (mL) at 6 °C 0.25 1.00 1.50 2.00 3.50 4.00 
0.2 mol/L TRIS-acetate buffer  
pH 6.0 (mL) at 6 °C 
4.45 3.70 3.20 2.70 1.20 0.70 
 
Vortex mixed 
 
Stock solution of MTG (mL) at 6 °C 0.30 0.30 0.30 0.30 0.30 0.30 
 
Vortex mixed 
 
Reaction conditions 
Temperature of reaction (°C): 
High pressure (MPa): 
Time of reaction (min): 
40  
0.1 and  400  
5, 10, 15, 20 
 
After reaction time, the sample was placed in a water bath at 80°C for 5 min and then 
immediately cooled to 20°C before gel permeation chromatography analysis (section 3.3.3b). 
 
b) Gel permeation chromatography  
Decrease of monomeric casein was measured by gel permeation chromatography following 
the procedure of Schwarzenbolz (2000). 
 
Material 
Elution buffer 
360.36 g urea, 5.84 g NaCl, 14.20 g Na2HPO4, 1.00 g CHAPS were dissolved in 500 mL 
distilled water. After complete dissolution pH was adjusted to 6.8 using concentrated HCl. 
The volume was made up to 1 L. The buffer was filtered using a 0.45 µm regenerate 
cellulose filter and degassed in an ultrasonic bath for 30 min. 
 
Sample buffer 
1.0 g 1,4-Dithiothreitol (DTT)/100mL elution buffer. 
 
Method 
Sample preparation and loading 
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After high pressure and thermal treatment, 0.54 g urea, 8 mg DTT and 1 mg CHAPS were 
dissolved in 1.5 mL MTG-casein sample  and incubated at 4°C for 20 h, then filtered through 
a 0.45 µm membrane filter before subjecting 500 µL portions to a gel permeation 
chromatography column. 
 
Chromatographic analysis was performed at 25 °C with a Knauer WellChrom HPLC system 
with a high performance gel filtration column (Superdex 200 HR 10/30) at a flow rate of 0.5 
mL/min using the elution buffer. Detection was made in the ultraviolet region (280 nm) and 
the chromatograms analysed by a curve-fitting software EuroChrom 2000.  
 
Operating conditions 
Chromatography equipment: HPLC pump K-1001 with an UV detector K-2500, 
electrically driven 6-Port-Multi-Channel Valve, Interface 
Box, Knauer WellChrom, Berlin, Germany 
Column: Superdex 200 HR 10/30, Pharmacia-LKB 
Freiburg, Germany 
Temperature system: 25 °C 
Sample concentration: 0.25 to 3 mg protein per 1 mL sample buffer 
Injection volume : 500 µL 
Sample buffer: mol sodium phosphate pH 6.80 
Containing: 6 M urea , 0.1 M NaCl, 0.1% CHAPS,1% DTT 
Elution buffer: mol/L sodium phosphate pH 6.80 
Containing: 6 mol/L urea , 0.1 mol/L NaCl, 0.1% (CHAPS) 
Flow rate : 0.5 mL/min 
Detection: Ultraviolet λ = 280 nm 
Data analysis  EuroChrom 200 program, Knauer WellChrom,  
Berlin, Germany                                                                      
 
 
3.4 Influence of covalent cross-linking on storage modulus of acid gels obtained by 
transglutaminase and glucono-δ-lactone  
3.4.1 Pre-trial experiments 
Whole casein (5% w/v) was added to 0.014 M phosphate buffer (pH 6.8). The casein 
solutions were heated from 20 to 40 °C within 2 min and inoculated with two different 
concentrations of MTG (0 and 6 U/g casein) at four levels of glucono-δ-lactone (0.164, 0.124, 
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0.334 and 1 g/g casein). Immediately, rheological measurements were performed as 
described in section 3.4.4.  
 
Pre-trial experiments were set up using a matrix in a completely randomised design with two 
replicates. Date were analysed by Duncan’s multiple range test using Olivares program 
(1990). Significant differences were defined at p < 0.05. 
 
3.4.2 Experimental design 
The preliminary results were then used to design the central composite rotatable design 
(CCRD) with two factors and two levels like represented in figure 3.4-1.  
 
The design may be subdivided into three parts. 
1.- The four points (-1, -1), (1, -1), (-1, 1) and (1,1) constitute a 22 factorial. 
2.- The four points (-1.414, 0), (1.414, 0), (0, -1.414), (0, 1.414) are the extra points included 
to form a central composite design with α = 1.414. The figure formed by these points is 
called a star. 
3.- Five points are added at the center to give roughly equal precision for dependent variable 
within a circle of radius 1.  
 
An experimental plan was performed to analyse the rheological properties of acid gels. The 
independent variables were enzyme and glucono-δ-lactone (Gdl) concentrations while 
storage modulus (G’), loss factor (tan δ) as well as gelation time were the measured 
responses. The levels used for each variable were varied according to a CCRD. Experiments 
were randomized in order to minimise the effects of unexplained variability in the observed 
responses due to extraneous factors. Matrix computation was elaborated with coded variable 
to facilitate the regression analysis and optimum point determination. Response functions for 
the gels were assumed to be approximated by second-degree polynomial equations: 
 
 y = b0 + b1 x1 + b2 x2 + b11x12 + b22 x22 + b12x1 x2   (34.-1) 
where b0 was the value of the fitted response at the center point of the design, b1, b2  the 
linear terms; b11, b12 the quadratic terms and b12 the cross-product regression terms. 
Regression analysis, optimisation and mapping of the fitted response surfaces were 
achieved using Design- Expert software program (Design-Expert version 6, Stat-Ease Inc., 
USA). 
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Figure 3.4-1 Central composite rotatable design with two variables. 
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Table 3.4-1 Arrangement and response central composite rotatable design (CCRD)  
Independent variables 
Uncoded Coded 
 
 
Experiment No. U MTG/g casein 
 
x1 
 
g Gdl/g Casein 
 
x2 
 
 
x1 
 
 
x2 
1 5.82 0.334 1 1 
2 5.82 0.214 1 -1 
3 0.98 0.334 -1 1 
4 0.98 0.214 -1 -1 
5 3.41 0.358 0 1.414 
6 3.41 0.189 0 -1.414 
7 6.83 0.274 -1.414 0 
8 0.00 0.274 1.414 .0 
9 3.41 0.274 0 0 
10 3.41 0.274 0 0 
11 3.41 0.274 0 0 
12 3.41 0.274 0 0 
13 4.41 0.274 0 0 
 
 
 
 
 
 
 
3   MATERIALS AND METHODS 
73 
3.4.3 pH measurement  
Samples were prepared as described in section 3.4.1 and the process acidification was 
followed with a WTW pH electrode (526 WTW, Weinheim, Germany). 
 
3.4.4 Rheological measurement 
Material 
Casein samples solution (3.4.1 and 3.4.2) 
 
Method 
Sample preparation and loading 
Portions of 22 mL sample solution were transferred into the concentric cylinder system at 
40°C and covered with silicone oil to prevent evaporation. Dynamic rheological properties 
were measured using an oscillation rheometer as described by Schorsch et al. (2000a). 
 
Running conditions 
Rheometer Physica UM oscillation rheometer 
Physica Messtechnik, Stuttgart, Germany 
Concentric cylinder system CC27/Pr -150 Q-DIN 53019 
Temperature system (°C) 40 
Frequency (Hz) 1 
Amplitude deformation (%) 10 
 
Following the rheological measurement, the gels were quickly heated to 80°C and 
maintained at this temperature for 2 min in order to inactivate the enzyme. Subsequently, the 
gels were lyophilised and stored at 4 °C until chromatographical analysis (section 3.4.5). 
 
3.4.5 Gel permeation chromatography 
After rheological measurement, the degree of oligomerisation of the acid gels was analysed 
by gel permeation chromatography following procedure of Schwarzenbolz (2000). 
 
Material 
Elution buffer and sample buffer were prepared as described in section 3.3.3b. 
 
Method 
Sample preparation and loading 
3   MATERIALS AND METHODS 
74 
Lyophilised gel samples (4 mg) from acid gels were dissolved in 2 mL sample buffer 
containing 1% DTT. After incubation at 4°C for 20 h the samples were filtered through a 0.45 
µm membrane filter before subjecting 150 µL portions in to a gel permeation 
chromatographic column for analysis. Chromatography analysis was performed as described 
in operating conditions of the section 3.3.3b. 
 
 
3.5 Statistical analysis 
Analysis of Varianza (ANOVA), Tuckey and Duncan multiple range tests in a 95% confidence 
interval were calculated to compare the significant difference among the means of the results 
using Olivares Program (Olivares, 1990). 
 
The mathematic adjustment of the hyperbolical curves in chapter 4.2 were performed using 
Sigma Plot Software (Systat GmbH, Germany) and DynaFit Software (Bioking, Ltd, USA). 
 
The kinetic pressure/temperature diagram in chapter 4.1 and the mathematic model, Central 
Composite Rotatable Design (CCRD) in chapter 4.3 were performed using Design-Expert 
software Program (Design-Expert version 6, Stat-Ease Inc., USA). 
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4 Results and discussions  
 
4.1 Microbial transglutaminase under high pressure 
Application of high pressure treatment to a protein solution provides a way to perturb the its 
structure and interactions with the solvent without broking primary structure (Kitchen et al., 
1992). Thereby, high pressure can be used to explain a more detail description of kinetic, 
thermodynamic and structural changes of protein unfolding (Mozhaev et al., 1996). If a 
simultaneous application of pressure/temperature on protein unfolding or enzyme inactivation 
is studied, the volume change and thermal energy are used separately to interpret the effect 
of both variables on the denaturation process (Samarasinghe et al., 1992). 
 
The influence of high pressure between a microbial and a tissue animal transglutaminase 
was compared. The effect of high pressure and thermal treatment on MTG inactivation was 
investigated based on the structural changes of MTG and its relation with the loss of enzyme 
activity. Secondary and tertiary structures, as well as products from protein-protein and 
protein-reducing sugar were analysed to know the different causes that leads enzyme 
inactivation. Finally, to interpret the simultaneous effect of pressure and temperature 
treatment, a kinetic study of MTG inactivation was also performed at different pressure and 
temperature within a long time until the enzyme achieves a 50% residual activity to 
performed pressure/temperature inactivation diagram. 
 
4.1.1 Short thermal inactivation 
Thermal inactivation of MTG at 0.1 MPa at 60, 70 and 80°C for 0, 2, 4, 6, 8 and 10 min was 
analysed to investigate temperature conditions to achieve a total and irreversible enzyme 
inactivation (figure 4.1-1). Residual enzyme activities after treatment at 60°C for 5 and 10 
min were 11 and 7%, respectively. Complete inactivation was achieved at 80°C for 2 min. 
Enzyme activity did not recover after incubation at 37°C for 180 min. This demonstrated that 
temperatures above 80°C induce irreversible enzyme inactivation, which could be caused by 
a complete irreversible protein unfolding leading to an exposure of hydrophobic groups, 
scrambled structures, formation of non-native disulfide bridges and enzyme aggregation. In 
addition, high temperature processing could cause hydrolysis of peptide bonds and chemical 
reactions between proteins and carbohydrates, which are discussed in chapter 4.1.3.2. 
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Figure 4.1-1 Thermal inactivation of MTG at 0.1 MPa at high temperature from 2 to 10 min. (- -) 60°C, 
(-X-) 70°C, (- -) 80°C. 
 
4.1.2 Effect of pressure on inactivation of MTG at constant temperature 
High pressure inactivation of MTG and guinea pig liver TG at 0.1, 200, 400 and 600 MPa and 
40°C for 0 to 60 min within a range time from 0 to 60 min studied considering thermodynamic 
data analysis. Kinetic parameters were calculated from experimental data using the following 
terms: reaction order (n), rate constants (k) and activation volumes (∆V*). In general, an nth-
order rate equation can be written as 
 nkAdtdA −=/   (eq. 4.1-1) 
 
Where A is the response property, k the rate constant, t the treatment time and n the reaction 
order. For a first order reaction, the integration of equation 4.1-1 for a decay process at 
constant pressure and temperature is given by: 
 )(]/ln[ 0),0( ttkAA tp −−=    (eq. 4.1-2) 
 
Applied on enzymes, A0 in equation 4.1-2 is referred to as the activity at t=0 and A 
represents the activity at different time points of physical treatment (temperature or 
pressure). 
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High hydrostatic pressure inactivation data of MTG and guinea pig liver TG at 40°C in a 
pressure range between 0.1 to 600 MPa within a time range of 0 to 60 min were analysed 
with the linearisation of equation 4.1-2 using logarithmic data transformation. The response 
value [lnA/A0] as a function of inactivation time at constant temperature revealed, that the 
rate of MTG and guinea pig liver TG inactivation followed a first-order kinetic model (figure 
4.1-2). 
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Figure 4.1-2 Inactivation of MTG and guinea pig liver TG (Factor XIIIa) by high-pressure treatment at 
0.1, 200, 400 and 600 MPa and 40°C. The dotted line shows 50% enzyme inactivation. 
 
Inactivation rate constants were derived from the slope of the regression lines. The estimated 
rate constants value (k) of MTG and guinea pig liver TG (Factor XIIIa) are summarised in 
table 4-1-1. The rate constant values (k) of MTG in a range from 0.1 to 600 MPa at 40°C in a 
time range from 0 to 60 min showed that inactivation velocity of MTG increased with higher 
pressure. The rate constant value (k) of guinea pig liver TG reached a value 26.6±4.5 x10-3 
min-1 at 50 MPa, whereas MTG had a lower value (18.3±2.5 x10-3 min-1) at treatment at 400 
MPa, which indicated that guinea pig liver TG had a very high inactivation velocity and 
demonstrated that this enzyme is not stable under high pressure treatment, as is 
hypothetically suggested in the end of this section. 
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Table 4.1-1 Estimated inactivation rate constants for the isobaric inactivation of MTG and 
factor XIIIa 
Enzyme 
Pressure 
(MPa) 
Inactivation rate 
constante 
(1x10-3 min-1) 
Regression 
coefficients 
MTG 0.1 4.7±0.89 0.92 
 200 9.7±2.19 0.99 
 400 18.3±2.15 0.99 
 600 47.7±6.7 0.97 
Factor XIIIa 50 26.6±4.5 0.92 
 
The pressure dependence of the rate constant (k) at a certain temperature was described as 
an activation volume ∆V* as given in the Eyring relation: 
)(*]/ln[ 0),0( PPRT
Vkk t −
∆
−=  
y = 0,0037x - 5,3852
R2 = 0,9952
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Figure 4.1-3 Inactivation of MTG by high-pressure treatment at 0.1, 200, 400 and 600 MPa and 40°C 
 
From chapter 2.4.4 (equation 2.4-33) and represented in figure 4.1-3. Where ko is the rate 
constant at pressure P0, P is the value of applied pressure, ∆V* is the activation volume at a 
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certain temperature, T is the absolute temperature, and R is the universal gas constant. 
Plotting the rate constant of MTG inactivation at 40°C as a function of pressure, an 
inactivation volume of –10.2±0.5 cm3/mol is obtained. This value corresponds closely to at 
reported by Lauber et al. (2001), who found a inactivation volume of -17.4±0.4 cm3/mol. 
 
Considering Braun-Le Chatelier´s principle, ∆V*<0 favours the denaturation of proteins and 
accelerates of the enzyme inactivation under pressure (Jaenicke, 1983). Therefore, the 
inactivation volume of MTG (-10.2±0.5 cm3/mol) demonstrates that this enzyme has a higher 
pressure stability than phosphatase (-58 cm3/mol), γ-glutamyltransferase GGT (-65cm3/mol) 
or α-amylase (-45 cm3/mol) at 40°C (Rademacher, 1999). 
 
Effect of high pressure on the structure of the animal transglutaminase from pig liver 
tissue (Factor XIIIa) 
Pig liver tissue TG (Factor XIIIa) in a 0.2 mol/L TRIS-acetate buffer pH 6 achieved a 50% 
inactivation in only 3 min. The fast inactivation of this enzyme can be explained by two 
important considerations: its non-protection by additives and its conformational structure. 
 
1) Non-protection by additives 
An important consideration to discuss the low stability of pig liver TG under high pressure in 
comparison to MTG is its purity. Pig liver TG (Factor XIIIa) was purchased from Sigma 
(Steinheim, Germany) as a pure enzyme, whereas MTG Activa TM MP (Ajinomoto, Germany) 
is a commercial power containing 90% lactose and 9% maltodextrin. Enzymes for industrial 
use are generally protected by additives to maintain its conformation, prevent structural 
changes and unfolding aggregation (Aberer et al., 2002). As, the pig liver TG is not protected 
by additive, a very fast inactivation was achieved. The pressure induced hydrophobic groups 
to the surface upon unfolding, and then, strong hydrophobic attraction among denatured 
enzymes induced unfolding aggregation and loss of enzyme activity. 
 
On the contrary, the secondary structure of MTG (discussed in chapter 4.1.3) with its 
concomitant high enzyme activity could be better conserved by lactose and maltodextrine. 
These additives could reduce protein denaturation due to decreasing water activity. The 
polyhydric molecule lactose; modifies the water environment surrounding MTG, competing 
for and replacing the free water. This causes a modification on the hydration shell of the 
protein and avoids hydrophobic aggregation. The modification confers protection to MTG, 
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maintaining its conformational structure and its enzyme activity. Stabilisation of protein under 
high pressure using sugar or salts is in agreement with Iametti et al. (1998), which stated that 
ovoalbumin treated under high pressure were more stable when the samples contained 10% 
sucrose or 10% NaCl.  
 
2) Enzyme structure: A hypothetical theory 
The crystal structure of pig liver TG has not yet been reported, it is not possible to describe 
exactly, why the enzyme is not stable under high pressure. However, other authors have 
compared this enzyme with other tissue TG. For example Chica et al. (2003), reported that 
the percentage of identity of the catalytic domains of read seam tissue TG with the pig liver 
tissue TG is higher than 55% and the percentage of homology is around 70%. Furthermore, 
all of the active site residues (Trp236, Cys272, His300, Trp329, His332 and Tyr515) are 
conserved in all sequenced of tissue transglutaminases, including the human TG, which the 
catalytic domain has 58% identity and 70% homology with the fish TG. For this reason, the 
authors take the read seam tissue TG structure as a model to propose a role of conserved 
active site Tyr and Trp residues. Then, based on pig liver tissue TG stability study of Venere 
et al. (2000) and taking as model the structure of read seam tissue TG, it can be suggested 
that the animal TG represent a shallow, narrow cleft running diagonally in its surface passing 
over the active site, which could be easily destroyed under high pressure (figure 4.1-4).  
 
Active Site 
Cys272 
Figure 4.1-4 Animal transglutaminase from read seam tissue (Noguchi et al., 2001). 
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4.1.3 Effect of high pressure on the conformational structure of MTG 
The folded state of a protein or an enzyme is determined by an ensemble of well defined 
substructures, which held together by non-covalent interactions between molecular groups 
within the protein and between these groups and the solvent (Ludescher, 1996). These non-
covalent bonds involve van der Waals interactions between nearby atoms, electrostatic 
interactions between charged groups and permanent dipoles, hydrogen bonding, polar donor 
and acceptor groups and hydrophobic interactions between non-polar side chains and the 
hydrophilic solvent. Folded and unfolded state can be represented by two state reactions in 
which the native protein, N, is altered into unfolded or denatured state, U: N   U. 
 
The unfolded state of a protein can be achieved by the application of a high concentration of 
denaturing agents, changes of pH or high temperature treatment (Dubey and Jagannadham, 
2003; Sun et al., 1998). High pressure treatment induces weakening of non-covalent bonds, 
hydration of amino acid residues with changes in the solvent accessibility of hydrophobic 
groups and subsequently changes in the protein structure (Kitchen, 1992; Mozhaev, 1996; 
Barciszewski 1999). These changes cause protein unfolding with a concomitant loss of its 
stability in solution or enzyme activity (Sun et al., 1998; Dubey and Jagannadham, 2003).  
 
Conformational changes of native MTG structures in relation to protein concentration, 
enzyme activity, as well as secondary reactions were analysed after high temperature and 
pressure treatment. MTG samples with low protein concentration (11.7 µg/mL by Lowry 
method) and high protein concentration (117 µg/mL by Lowry method) were evaluated at 
high pressure treatment (40°C and 0.1, 200, 400 and 600 MPa for 30 to 60 min) and high 
temperature treatment (80°C at 0.1 MPa for 2 min). At high temperature treatment as well as 
pressure treatment above 600 MPa, protein precipitation was observed in samples with high 
protein concentration. Samples containing 117 µg protein/mL undergo a irreversible 
precipitation of MTG after treatment at 600 MPa and 40°C for 30 to 60 min and at 0.1 MPa at 
80°C for 2 min. Soluble protein of the native samples decreased from 117 to 91 and 66 
µg/mL after incubation at 600 MPa and 40°C for 30 and 60 min, respectively. After treatment 
at 0.1 MPa and 80°C for 2 min, only 36 µg/mL protein remained in solution. This protein 
precipitation phenomenon is in agreement with other authors. Zipp and Kauzmann (1973) 
found that metmyoglobin precipitation was observed under specific conditions of pressures 
and temperatures in a pH range from 5 to 9. For example, although protein denaturation was 
achieved at 20°C, 450 MPa and pH 6, protein precipitation was not detected until increasing 
temperature above 75°C. However protein precipitation was not observed in samples treated 
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at any combination of pressure and temperature in a range from 0.1 to 600 MPa and 0 to 
80°C if the pH was below 5 and above 9. The authors proposed that pressure tends to 
solubilise the denatured protein, but it is more possible that protein solubility is a function of 
the charged side chains of a protein. The total charge on a protein in solution depends 
principally of the solution pH and the pKa of the side chain titratable groups. When the side 
chain is basic, a doubly positive species exist at low pH and when the side chain is acid, a 
double negative species exits at high pH. The charged carboxylic and amino groups interact 
strongly with water, therefore, protein remains in solution (Ludescher, 1996). Based on these 
amino acids chemical properties, it could be proposed that, in a puffer TRIS-acetate 0.2 
mol/L at pH 6, the aspartic and glutamic acid, as well as Lys, His and Arg residues of MTG 
surface molecules are not strongly charged. In addition, proximity of molecules was 
enhanced by increasing protein concentration. For this reason, precipitation and aggregation 
in samples with high protein concentration was obtained. That is also in agreement with 
Iametti et al., (1998), who reported that the formation of insoluble aggregates is favoured by 
high protein concentration. They found that solubility ovoalbumin samples with a 
concentration of 0.5 and 2 mg/mL remained around 100% solubility after treatment at 450 
MPa at pH 6.0, but the solubility of sample with a concentration of 5 mg/mL was reduced to 
around 50%. 
 
Precipitation of the protein proved that the stability of native enzyme was a function of high 
pressure and thermal treatment, as well as protein concentration, revealing that the rupture 
of non-covalent bonds that are responsible for its intrinsic stability. Irreversible precipitation of 
MTG at 40°C and 600 MPa could be caused by protein unfolding followed by protein-protein 
association via hydrophobic group interactions, hydrogen bonding and finally disulfide bonds 
formation from the thiol groups of Cys64, which are favoured at high protein concentration. 
To explain this theory, changes in the MTG structure of soluble protein and analysis of 
precipitated protein is following discuss. 
 
a) Soluble protein 
Changes in the tertiary structure 
The CD spectrum of a protein in the near ultraviolet wavelength region (250-320 nm) 
corresponds to the orientation of aromatic amino acids and is used to determine the tertiary 
structure of protein. The signals, magnitudes and wavelengths of aromatic CD bands cannot 
be quantitatively calculated. However, these spectra represent a highly sensitive criterion for 
the native state of a protein and can be generally used to explain the folded conformation. 
Tertiary structure changes of native MTG after high pressure treatment at 40°C and 0.1, 200, 
400 and 600 MPa for 30 to 60 min and high temperature treatment at 80°C at 0.1 MPa for 2 
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min were analysed in the near ultraviolet wavelength range from 250 to 320 nm (Mulkerrin 
1996). CD spectra in aromatic regions (figure 4.1-5) are characterised by the band around 
252, 256, 262 and 268 nm for phenylalanine, (continues grey circles); around 275 and 283 
nm for tyrosine (continues black circles) and around 290 and 298 nm for tryptophan (dashed 
circles). 
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Figure 4.1-5 Near CD spectra of MTG after thermal and high pressure treatments  
 
Spectra of the native MTG sample showed different profiles in comparison to the treated 
samples. Intensity of phenylalanine bands increased only in samples treated at 200 and 400 
MPa at 40 °C for 30 min, but the profile of this band was completely absent in the samples 
treated at 40°C at 600 MPa and 0.1 MPa and 80°C for 2 min. The intensity of tyrosine bands 
at about 283 nm increased proportionally with increasing pressure treatment above 400 MPa 
at 40 °C for 30 min and the highest peak was achieved in sample treated at 0.1 MPa and 80 
°C for 2 min. Depending on the individual treatment, the intensity of the tryptophan bands 
(290 and 298 nm) either increased or decreased, but did not show a certain tendency. The 
tertiary structure of the native enzyme was mainly altered at 600 MPa and 40 °C for 60 min 
Phe 
Tyr 
Tryp 
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and a short thermal treatment at 0.1 MPa and 80°C for 2 min was sufficient to achieve a 
complete unfolded state. 
 
 
Figure 4.1-6 Microbial transglutaminase from Streptoverticillium mobaraense displayed as space fill to 
represent the different hydrophobic groups: Phe (grey), Trp (black), Tyr (blue), hydrophobic region 
(dark green). The Cys64 (red) is located at the bottom of the active site (Kashiwagi et al., 2002). 
 
Profile bands of phenylalanine (252, 256, 262, 268) and tryptophan (290, 298) were not very 
distinct (figure 4.1-5), probably because these amino acid residues are located within the 
hydrophobic MTG region (figure 4.1-6) or because phenylalanine carries a symmetric 
chromophore, which is weakly absorbing (Mulkerrin, 1996). However, the small contribution 
of phenylalanine (Beychok, 1965) showed that these hydrophobic regions were not 
destroyed after the high pressure treatment but were destroyed after thermal treatment. The 
band at 283 nm for tyrosine increased distinctly at 0.1 MPa at 80°C and proportionally with 
increasing pressure above 400 MPa, which suggests that this amino acid residue is more 
exposed to the TRIS-acetate buffer in comparison to phenylalanine and tryptophan residues. 
The former phenomenon can be explained by the fact that high pressure and high thermal 
treatment changes the polar hydroxyl group of tyrosine from the undissociated state at 
neutral pH and standard condition to the dissociated state favouring its hydrophilicity (Nosoh 
and Sekiguchi 1991). High pressure treatment could induce distinct solvation around 
hydrophobic groups on the active site of MTG. Then, based on the figure 4.1-6 (Kashiwagi et 
al., 2002), it is proposed that Phe251, 254; Trp69 and especially Tyr278, 62, 75 were 
exposed on the surface of molecule. These results agree with Kitchen et al. (1992), who 
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demonstrated that 0η of the tyrosine35 residue of bovine pancreatic trypsin inhibitor 
increases its percent solvent accessibility from 4.6 after treatment about 10 MPa and to 9.5 
after treatment about  1000 MPa. Thus, the intensity variation of these amino acids were 
associated with the mobility of their aromatic side chains and their exposure to the TRIS-
acetate buffer, leading to loss of the MTG tertiary structure with subsequently instability in 
solution. 
 
Changes in secondary structure 
Spectra in the far ultraviolet wavelength range (190 to 260 nm), which correspond to the 
amide region, were used to characterise the conformational structure of the enzyme (figure 
4.1-7). Native MTG showed typical α-helix spectra indicated by a negative *πη −  transition 
band at 222 nm and a *ππ −  transition, namely a positive perpendicular *ππ −  transition 
band at 191 and a negative parallel *ππ −  transition band at 208 (Sarkar and Doty, 1966; 
Mulkerrin, 1996., Venere et al., 2000).  
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Figure 4.1-7 Far-UV CD spectra of MTG after thermal and high pressure treatments 
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The negative shifted CD signal at 222 nm primarily corresponds to the backbone peptide 
bond *πη −  transition and reflects alterations in the secondary structure, especially in the α-
helix content of the enzyme (Gratzer et al., 1961; Mulkerrin, 1996). As already cited in 
chapter 2.6.2, the stability of the peptide backbone is explained by mesomeric effect of the 
peptide bond, to the π molecular orbital extends over 0=C-N, where double bond character 
changes between the O-C and C-N bond (Nosoh and Sekiguchi 1991). For this reason, the 
decreased cotton-effect at 222 nm of MTG reflects alterations in the secondary structure and 
could suggest that treatment above 600 MPa at 40°C for 30 min caused drastic changes to 
the α-helices of the MTG conformation. A short thermal treatment at 80°C for 2 min was 
sufficient to achieve maximum loss of the original structure (figure 4.1-8). 
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Native MTG
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Figure 4.1-8 CD signals at 222 nm of MTG after thermal and high pressure treatment. 
 
Because amide chromophores and the long-range order is responsible for the characteristic 
spectra of each of the secondary structure elements of a molecule, the CD spectra from the 
far-UV region can be used to predict the secondary structure of proteins (Greenfield and 
Fasman, 1969). In this work, the CONTIN mathematic algorithm with a set of 48 protein basis 
spectra, each representing a secondary structure element (Provencher and Gloeckner, 1981; 
Sreerama and Woody, 2000), was used to calculate the secondary structure for soluble 
MTG. 
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The results showed that native MTG consisted of 24.5% α-helix, 23.8% β-strand, 21.1% β-
turn and 30.7% unordered structure (table 4.1-2). A loss of α-helix and an increased 
percentage of unordered structure occurred after high pressure and thermal treatment. After 
treatment at 400 and 600 MPa at 40 °C for 30 min, the content of α-helix decreased to 32.3 
and 19.7% respectively. Massive destruction of α-helix to a residual amount of 6.5% was 
observed after thermal treatment at 80°C for 2 min. After treatment at 200 MPa and 40°C for 
30 min, the content of α-helix was closely to native MTG. 
 
Table 4.1-2. Secondary structure of MTG under high pressure and thermal treatment. 
Treatment with MTG 
H* 
% 
S* 
% 
Turn* 
% 
Unrd* 
% 
Rest 
Activity % 
1. Native  24.5 23.8 21.1 30.7 100 
2. 40 °C, 0.1 MPa, 30 min  23.5 23.6 21.0 31.9 85 
3. 40 °C, 200 MPa ,30 min 24.2 22.9 21.0 31.9 94 
4. 40 °C,400 MPa, 30 min 23.3 23.9 21.2 31.5 83 
5. 40 °C, 600 MPa ,30 min 19.7 25.9 20.9 33.5 55 
6. 40 °C, 600 MPa, 60 min 17.2 27.5 20.6 34.8 38 
7. 80 °C, 0.1 MPa, 2 min 6.50 28.2 18.4 46.9 0 
* H = α-Helix; S = β-strand; Turn = β-Turn; Unrd = unordered 
 
Conformational modification of the secondary structure was also accompanied by a 
corresponding loss of the enzymatic activity (table 4.1-1). Elevated enzyme activity was 
recorded with higher contents of α-helix structure elements. Tauscher (1995) reported that β-
sheet structures are nearly incompressible and more stable against pressure than α-helix 
structures. Nosoh and Sekiguchi (1991) reported that hydrophilic residues are found 
predominantly in α-helices, which concur with the tertiary structure of MTG proposed by 
Kashiwagi et al. (2002). The enzyme is arranged in a way that the active site located 
between β-strand domains, is surrounded by α-helices (figure 4.1-9).  
 
Pressure induced degradation of this conformation would primarily take place at these α-
helical areas on the molecule's surface, leading to an alteration of the tertiary structure with 
subsequent consequences on substrate binding. Therefore, it can be suggested that enzyme 
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activity at elevated pressures is closely related to the depth active site cleft, the relative 
stability of α-helix and the outstanding stability of the central β-strand structure. 
 
 
 
The behaviour of the changes on the tertiary and secondary structure of MTG under high 
pressure are in agreement with the structure change of ovoalbumin under high pressure and 
25°C within a range time from 0 to 10 min (Iametti et al., 1998). The near-UV CD spectra of 
ovoalbumin treated at 450 MPa is very similar to the native protein. Protein treatment at 600 
and 800 MPa lead to a partial loss and complete destroyed spectra, respectively. The same 
behaviour is observed for the far-UV spectra and the negative CD signal at 222 nm, 
correspondent to the backbone peptide, decreased as function of pressure too. However, the 
author did not report contain of α-helix, ß-sheet structure and only stated that at the harshest 
treatment conditions (800 MPa for 10 min), the soluble ovoalbumin did not conversion of 
secondary structure to an unfolding random coli. 
 
The comparison of both results indicated that MTG is more stabile than ovoalbumin under 
high pressure. This can be attributed to the high concentration of lactose and maltodextrin, 
which protect the MTG (discussed in chapter 4.1.2 in the section of hypothetic theory of the 
effect of high pressure on the structure of the animal transglutaminase from pig liver tissue, 
Factor XIIIa). In addition, the biochemical and physicochemical characteristics of theirs amino 
acids sequence as well as secondary structures of the protein play also very important roles. 
For example, the four free thiol groups of cysteine residues of ovoalbumin formed disulfide 
Figure 4.1-9 Microbial transglutaminase from Streptoverticillium mobaraense (Kashiwagi et al., 2002). 
Cys64 
α-helix 
α-helix 
ß-sheet 
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groups under high pressure (Iametti et al., 1998) with a consequently loss of protein stability. 
This result is also in agreement with this work, where pressure induces disulfide bond 
formation, as is discussed in the next chapter. 
 
b) Irreversible precipitated protein 
Irreversible precipitated protein that could be observed only in samples with a high protein 
concentration after treatment at 600 MPa and 40 °C for 60 min and 0.1 MPa at 80 °C for 2 
min was analysed by SDS-PAGE electrophoresis (figure 4.1-10). One band with a molecular 
weight of approximately 40 kDa from reduced native MTG was obtained (lane 3). A peculiar 
double band was identified from non-reduced native MTG (lane 2). Because the MTG 
sample was concentred from 117 to 234 µg protein/mL, a higher proximity among molecules 
in solution was achieved. This could induce a reduction of distance between a pairs of atom 
(Nosoh and Sekiguchi, 1991). Based on this theory, it is speculated, that the band below the 
typical reduced MTG band could be a hydrogen bond between the Oη of Tyr62 or Tyr75 with 
Cys64. Nevertheless, in this work it was not made experiments to verify this hypothesis. In 
non-reduced samples after thermal treatment, a representative band of MTG protein (Lane 4) 
and the formation of dimers and other compounds with molecular weights between 29 and 
90 kDa were detected. Dimers and high molecular weight compounds significantly declined 
after sample reduction, but were not completely depolymerised (lane 4 and 5). The lower 
molecular weight compounds between 29 and 40 kDa in the lane 4 and 5, could be indicate 
the formation of new products with low molecular. Non-reduced samples treated at high 
pressure also showed the formation of dimers and high molecular weight compounds (lane 
7), and the intensity of these bands after reduction (band 8) was stronger in comparison to 
the reduced heat-treated samples (band 5). 
 
Disulphide bonds 
The partial decrease in intensity of dimer bands demonstrated that most of the irreversibly 
denatured protein after treatment at 0.1 MPa and 80°C for 2 min and 600 MPa at 40°C for 60 
min was induced by disulphide linkages between MTG molecules. Kashiwagi et al. (2002) 
reported that Cys64 of MTG is a catalytic residue that it is situated at the bottom of the active 
cleft site (figure 4.1-6 and 4.1-9). Hydropathy analysis of the sequence of the MTG by Kanaji 
et al. (1993) showed that this Cys64 is located in a hydrophobic region situated in a 
hydrophilic area. High pressure and thermal treatment of native MTG force the amino acid 
residues packed in the interior of the molecule to disperse in the solvent upon unfolding. 
Among these amino acid residues, the Cys64 of MTG is exposed more to the TRIS-acetate 
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buffer with the consequence of the formation of disulfide bonds to neighbouring protein 
molecules with subsequently protein aggregation. 
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Figure 4.1-10 SDS-PAGE of MTG after different treatment at high pressure and high thermal 
treatment. 1) Molecular mass standard. 2) Non-reduced native MTG. 3) Reduced MTG. 4) Non-
reduced MTG; 0.1 MPa, 80 °C, 2 min. 5) Reduced MTG; 0.1 MPa, 80 °C, 2 min. 6) Molecular mass 
standard . 7) Non reduced MTG; 600 MPa, 40 °C, 60 min. 8) Reduced MTG; 600 MPa, 40 °C, 60 min. 
9) Molecular mass standard. 
 
Formation of disulphide bonds could cause the inactivation of MTG under high pressure and 
after thermal treatment. However, commercial MTG powder is a mixture of lactose (90%), 
maltodextrine (9%) and protein (1%). For this reason, the incomplete reduction of low 
molecular weight compounds in lanes 4 and 5, as well as high molecular weight compounds 
in lanes 5 and 8, suggested the formation of other compounds with low and high molecular 
weight. This new compounds could resulted from a variety of reactions such as protein 
polymerisation via isopeptides and Maillard reaction between amino acids residues and 
lactose. Furthermore, formation of lysinoalanine and compounds of the early and advanced 
stages of the Maillard reaction have been found in protein samples treated under high 
hydrostatic pressure (Springer, 2004; Moreno et al., 2003; Schwarzenbolz, 2002).  
 
In order to investigate the covalent cross-linkages identified in SDS-PAGE electrophoresis, 
lysinoalanine (LAL), histidinoalanine (HAL), furosine and pentosidine in precipitated protein 
kDa 
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samples were analysed. LAL and HAL were not found in native and treated samples 
(detection limit 2 µg/g protein); however, products of the Maillard reaction were detected. 
Furosine and pentosidine were measured as indicators of the early and advanced stage of 
the Maillard reaction, respectively. 
 
Maillard products 
The Maillard reaction or non-enzymatic glycosylation reactions start from the condensation 
between the carbonyl group of a reducing sugar and a free amino group of protein. A variety 
of intermediates is formed by different pathways, which in the end yield flavour components 
and brown melanoidins of higher molecular weight. These reactions depend on different 
factors such as oxygen and water content, as well as temperature and pH of the system. The 
Maillard reaction can be divided into three stages: the early, advanced and final Maillard 
reactions (Hodge J, 1953 cited by Moreno J, 2003). 
 
High pressure might influence the Maillard reaction with consequences on flavour, color and 
nutritional value of foods. Investigations of Tamaoka et al. (1991) indicated that the early 
stages of Maillard reaction are little affected by pressure, whereas Isaacs and Coulson 
(1996) stated that the initial condensation processes is accelerated with pressure, while the 
subsequent reaction steps are slowed down. However, Schwarzenbolz et al. (2002) reported 
an enhanced formation of pentosidine and suppression of pyrraline with increasing pressure. 
 
The initial stage of the Maillard reaction in commercial MTG powder could involve the 
condensation of a lactose molecule to an ε-NH2 amino group of a lysine residue to form a 
glycated protein. After addition of the amine to the carbonyl group, one molecule of water is 
eliminated to form a Schiff base and subsequent cyclization leads to a N-substituted 
glycosylamine. This first glycation product is than transformed to a more stable ketoamine, 
lactulosyllysine, via the Amadori rearrangement. The reaction is catalysed by weak acids 
(Berg, 1993). The lactulosyllysine content in MTG samples treated at 0.1 MPa at 80°C for 2 
min and 600 MPa at 40°C for 60 min, was analysed by the furosine method (Brandt and 
Erbersdobler, 1972 as cited by Krause, 2005; Henle et al. (1991) by ion exchange 
chromatography after acid hydrolysis using 6 N HCl for 24 h (figure 4.1-11). 
 
The furosine content in MTG samples increased from 13.6 µg/g protein to 261.0 and 238.5 
µg/g protein in samples treated at 600 MPa and 40°C for 60 min and 0.1 MPa and 80°C for 2 
min, respectively (figure 4.1-11). However, the furosine concentration was not significantly 
different (P>0.05) between the two treatments. This result did not agree with Hill et al. (1996), 
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who stated, that the early stages of the Maillard reaction are suppressed when pressure was 
applied to a xylose-lysine system at 50°C in a sodium bicarbonate buffer at pH 8 and a 
glucose-lysine system at 60°C in a phosphate buffer at pH 7 respectively. The difference of 
the results may be explained by pressure shifting the equilibrium of 
+−
←
− +⎯→⎯ HHPOPOH 2442  and 
+−
← +⎯→⎯ HCOOCHCOOHCH 33  to the right-hand 
side. Ionisation of the phosphate and carboxylic acid groups cause a decrease in pH and the 
subsequent reduction in the rate of Maillard reaction (Neuman et al, 1973., Tauscher et al., 
1995, Hill et al.1996) This explain, because at low pH, the protonated lysines are in 
equilibrium and for this reason are less reactive to reducing sugars. Moreover, because the 
ionisation of sugar in alkaline medium (pH>7) is higher, transformation of sugar from cyclic to 
reducible form decrease with decreasing pH (Berg, 1993). 
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Figure 4.1-11 Ion exchange chromatography of furosine formation from native MTG and MTG treated 
at 400 MPa at 40°C for 60 min and 0.1MPa at 80°C for 2 min. 
 
The furosine contents of 50 to 70 µg/g protein for bovine milk and 200 to 250 µg/g protein for 
human milk have been reported (Schlimme and Buchheim, 1995). Therefore, it can be stated 
that the furosine concentration found in MTG samples after the high pressure and high 
thermal treatment are in the range of dairy food products. 
 
Native 
       600 MPa, 40°C, 60 min 
0.1 MPa, 80°C, 2 min 
Furosine
D
et
ec
tio
n 
si
gn
al
 (V
) 
4   RESULTS AND DISCUSSIONS 
93 
N H
N
+
(CH2)4
CHNH C
O
NH (CH3)3 CH3
C
NH
O
The cause of advanced Maillard reactions can be accessed by indicator molecules, such as 
pentosidine. This cross-link amino acid, in which one arginine and one lysine residue are 
linked together by a pentose (Sell and Monnier, 1989), is formed by reaction of proteins with 
carbohydrates as aldoses, ketoses, dicarbonyl sugars as well as Amadori compounds. The 
formation of pentosidine in MTG samples was analysed by amino acid analysis (Henle et al., 
1997). Pentosidine was not detected in the native sample (detection limit 0.02 µ/g protein), 
whereas 13.7 and 6.7 µg/g protein were formed in the samples treated at 600 MPa and 40°C 
for 60 min and 0.1 MPa and 80°C for 2 min, respectively (figure 4.1-12). This agrees well 
with the results of Schwarzenbolz et al. (2002).  
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Figure 4.1-12 Ion exchange chromatography of Pentosidine formation from native MTG and MTG 
treated at 400 MPa at 40°C for 60 min and 0.1MPa at 80°C for 2 min. 
 
Schwarzenbolz (2002) reported a pentosidine content in a system of ß-casein-ribose in a 
pressure stabile buffer, increasing from not detectable to 4.8 mg pentosidine/100 g protein 
(48 µg/g protein), after treatment at 600 MPa at 60°C for 2 h. In addition, pentosidine content 
of the sample treatment at this high pressure condition was about 6 times higher than the 
sample treatment at atmospheric pressure. These results suggest that, the analysed 
parameter pentosidine could be more affected by high pressure than high temperature 
treatment. That could be in agreement with Grandhee and Monnier (1991), who investigated 
the effect of temperature on pentosidine formation. They reported that in an equimolar 
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system of D-ribose:arginine:lysine at pH 7.4, pentosidine productions were about 0.1% at 
37°C, 1.1% at 80°C and 2.8 % at 65°C after 60 min. Then, although at 80°C induced 
formation of pentosidine, this temperature was not the optimal. However, formation of 
pentosidine is also dependent on sugar type, ratio of sugar:arginine:lysine, as well as, the pH 
of the system. Moreover, the Maillard reactions are a very complex system that needs more 
experiments designs to explain its mechanisms under high pressure. 
 
However, it could be suggest that the pentosidine contents found in MTG samples after 
treatment are higher than in other food products as sterilized milk (0.1 to 2.6 µg/g protein), 
evaporated milk (0.3 to 0.6 µg/g protein) and milk powder (not detected to 0.4 µg/g protein). 
Among commercially available products, only roasted coffee contains higher pentosidine 
levels (10.8 to 39.3 µg/g protein) as is reported by Henle et al. (1997). 
 
MTG had a high stability in a pressure range from 0.1 to 600 MPa and a constant 
temperature at 40°C within a time range from 0 to 60 min, because the secondary structure 
and the active site remain relative stabile up 400 MPa. Increasing pressure loads to the loss 
of its conformational structure and protein polymerisation with a concomitant MTG 
inactivation. Then, after to know some reactions of MTG inactivation process, in the next 
section is discussed the MTG stability under simultaneous application of pressure and 
temperatures. 
 
4.1.4 Effect of pressure/temperature on the inactivation of MTG 
Inactivation of a pure and single-chain protein may be regarded as a two-component system: 
active and inactive protein. The reaction can be a reversible or irreversible and the stability 
behaviour of the enzyme can be exhibited by the elliptical shape of the stability phase 
diagram over a pressure/temperature plane (Tauscher, 1995; Crelier et al., 2001). To obtain 
further knowledge about the simultaneous effect of high pressure and temperature on MTG 
stability, inactivation kinetics data from the experiments performed at 10, 30, 40, 50°C at 0.1, 
200, 400 and 600 MPa within a time range from 0 to 140 h were analysed.  
 
Reaction model  
At all temperatures within a long time, the inactivation velocity of MTG followed a kinetic 
behaviour with two parts: a first and very fast step and a second very slow step, as shown for 
the inactivation kinetic of MTG at 40°C in a pressure range from 0.1 to 600 MPa (figure 4.1-
13) 
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Figure 4.1-13 Residual activity of MTG after high-pressure treatment at 40°C in a pressure range from 
0.1 to 600 MPa within a time from 0 to 24 h. 
 
A single kinetic phase, with a single rate constant, implies that all the molecules are following 
the same pathway, with the same rate constant. A kinetic with two-phase behaviour could 
indicate that the MTG inactivation was caused by more than one factor. The inactivation of 
the enzyme could be proceed in a first reversible reaction, followed by a second to achieve 
the inactivate state. Then, the enzyme inactivation of the Transglutaminase Activa TM MP 
under high pressure is occurred due to complex reactions (figure 4.1-14), which involved 
reversible/irreversible protein unfolding, aggregation and formation of other products. Each 
for these products is favoured by protein concentration, temperature and pressure 
conditions.  
 
Reactivation of MTG after treatments at atmospheric pressure (0.1 MPa) and 10, 40, 60, 70, 
80°C, as well as treatments at 200, 400 and 600 MPa and 40°C, were not observed. 
However, the results from chapter 4.1.4 demonstrated that pressure and temperature 
induces inactivation of commercial MTG due to three principal factors: 1) Structural changes 
of enzyme conformation, 2) formation of disulfide via Cys64, and 3) formation of Maillard 
products from reactions between protein and lactose. The factor 1 can lead to reversible 
reaction, whereas, the factors 2 and 3 should lead to irreversible enzyme inactivation (4.1-
14). 
 
Second slow step 
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Figure 4.1-14 Summary scheme to represent the inactivation mechanism of microbial 
transglutaminase (Activa TM MP; Ajinomoto) under different temperature and pressure conditions. 
 
The importance of maintaining the active thiol group of a MTG active site was investigated by 
Noguchi et al. (2001), who reported that, when Cys272 or Cys314 within the active sites of 
fish TG or human factor XIII, respectively, form hydrogen bridges with tyrosine residues (515 
for fish TG and 560 human factor XIII) or disulfide bridges with cysteine residues (333 for fish 
TG and 374 for human factor XIII), the enzyme activity is suppressed immediately.  
 
For this reason, in order to avoid disulfide formation at Cys64 and maintain the active thiol 
group of MTG under high pressure treatment, reduced glutathione was added to the MTG 
samples. Enzyme activities of native, non-reduced and reduced MTG samples were 
measured before and after treatment at 400 MPa at 40°C for 60 min. The residual activity of 
native MTG was considered 100%. A residual activity of 40% of non-reduced MTG samples 
was obtained after high pressure treatment, whereas the activity of reduced MTG samples 
was not significantly affected. These results can be interpreted that the activity of MTG is 
conserved with the protection of Cys64 (Jaenicke, 1983), by reduced glutathione, 
maintaining the thiol group in the active site free to react with the substrate and form the 
covalent intermediate between the thiol residue of Cys64 in the active site and glutamine 
residue (figure 2.1-1) in the first protein substrate reaction (Folk and Cole, 1966; Leblanc et 
al., 2001, Griffin et al., 2002, Chica et al., 2004). 
 
Because the protein concentration in the sample is very low, it was not possible to distinguish 
quantitatively between the amount of enzyme inactivated due to a loss in conformation 
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k1 
k-1 
k2 
(which could be a reversible activation), the amount of enzyme inactivated due disulphide 
bonds (irreversible inactivation in absence of a reducing agent) and the amount of enzyme 
inactivated due to Maillard product formation (irreversible inactivation).  
 
Due to the complexity of the system, the kinetic analysis of MTG inactivation in this work was 
performed based on the transition state theory from the first fast irreversible inactivation step 
(eq. 4.1-3). It was considered that the reaction from the active to the inactive form proceeds 
via an active complex I*, which is found in equilibrium with the active form of the enzyme 
(Rademacher, 2000; Hinrichs, 2000). 
 
(eq. 4.1-3) 
 
 
In the equation 4.1-3, N is the native and active MTG, I* is the transition state, I is the 
inactive and denatured state. k1 and k-1 are rate constants for the reversible reaction and k2 is 
the rate constant to achieve the irreversible inactivate state. 
 
4.1.5 Pressure/temperature inactivation kinetic 
For the kinetics analysis, it was established that after all the cases combination of 
temperature/pressure temperature, the enzyme must achieve 50% residual activity. Thereby, 
long times of incubations were needed, depending of the conditions. At 0.1 MPa and 50°C, 
MTG required 6 h to achieve 50% residual activity, whereas at 0.1 MPa and 10°C required 
until 144 h.  
 
The inactivation constants (k1) of the first fast step and (k2) the inactivation constants of the 
second slow step, showed in table (4.1-3), were obtained using logarithmic data 
transformation of the residual activity: )(]/ln[ 01),0( ttkAA tp −−=  as is illustrated in chapter 
4.1.2. The response value [lnA/A0] as a function of inactivation time for each constant 
temperature and pressure revealed that MTG inactivation fit well to a first-order model for the 
regarded first fast step, where the 50% of residual activity fell in this first fast step. 
 
In the next section are presented the effect of pressure and temperature on the rate 
constants in the first fast step of the MTG inactivation. 
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Table 4.1-3 Estimated inactivation rate constants from de first and second (k1 and k2, 
respectively) isobaric/isothermal inactivation of MTG 
 k (h-1) 
 10°C 30°C 40°C 50° 
(MPa) k1 k2 k1 k2 k1 k2 k1 k2 
0.1 0.0042 0.0027 0.364 0.0076 0.1733 0.0442 6.7070 0.1210 
100 n.d n.d n.d n.d n.d n.d 6.9768 0.1450 
200 0.0106 0.0076a,b 0.1438 0.1108 0.2591 0.0564 6.1655 0.3352 
300 n.d n.d n.d n.d n.d n.d 4.7746 0.4420 
400 0.0387 0.0328 0.4457 0.1154 0.8392 0.0875 9.7196 0.5779 
500 n.d n.d n.d n.d n.d n.d 10.9150 2.0521 
600 0.2643 0.456 0.9421 0.1897 2.0545 4.342 18.1890 2.2551 
Values given are the mean of two measurements with the associated 95% confidence interval. 
a mean of two measurements with the associated 90% confidence interval. 
b Activation tendency  
n.d Not determined 
 
Temperature and the rate constant  
The pressure dependence of the rate constant (k1) in a range from 0.1 to 600 MPa at 
different constant temperatures (10, 30, 40, 50°C) was calculated from the Eyring relation 
)(*]/ln[ 0),0(11 PPRT
Vkk t −
∆
−=  (from equation 2.4-33). 
The temperature dependence of the MTG inactivation rate constants (k1) in a range from 10 
to 50°C at different constant pressures (0.1, 200, 400 and 600 MPa) was expressed as the 
activation energy, Ea, that can be estimated form Arrhenius relation 
)(
]/ln[
0
),0(11 TTR
E
kk at −
−=  (from equation 2.4-32). 
 
In the Arrhenius relation, k1(0) is the rate constant at temperature T0, T is the value of the 
applied temperature and Ea is the activation energy at constant pressure. For the Eyring 
relation k1(0), is the rate constant at pressure P0, P is the value of applied pressure, ∆V* is the 
activation volume at a certain temperature and T is the absolute temperature. The R symbol 
represents the universal gas constant.  
 
To analyse the effect of temperature on MTG inactivation based in the transition state theory, 
the relation (ln k1/T) for each pressure were plotted as function of the inverse temperature 
(1/T) as is represented in figure 4.1-15.  
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Figure 4.1-15 plot of ln (k1/T) versus 1/T to access to Eyring equation 
 
The plot produces a straight line with form y = -mx + b and can be related with the Eyring 
equation obtaining:  
 
R
S
h
k
TR
H
T
k B *ln1*ln 1 ∆++⋅∆=    (eq. 4.1-4) 
kB and h are Boltzmann and Plank constants, respectively. 
 
Table 4.1-4 Activation energies, enthalpy and entropy values of MTG thermal inactivation 
from the first fast step. 
Pressure (MPa) Ea (kJ/mol) ∆H* (kJ/mol) ∆S* (J/mol) 
0.1 129.4±0.6 126.90±0.5 154.19±1.7 
200 110.5±4.5 107.98±4.5 104.94±17.1 
400 97.72±0.6 95.18±0.6 71.38±0.9 
600 73.66±1.2 71.12±1.2 1.17±0.4 
 
The estimated values reported in table 4.1-4 shows that increasing pressures causes 
decreasing activation energies. Hence, the rate constants for enzyme inactivation are less 
temperature sensitive at 600 MPa than at atmospheric pressure. Low enthalpy and entropy 
R
S
h
kxy B *ln)0( ∆+==
R
Hm *∆−=
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values at 600 MPa demonstrated that the enzyme inactivation is less temperature dependent 
at high pressure. 
 
Pressure and the rate constants 
To analyse the effect of pressure on MTG inactivation, rate constants (ln k1) of the 
inactivation at constant temperature were plotted as a function of pressure (figure 4.1-16). A 
synergistic effect of pressure and temperature was observed. For example, at 10, 30 and 
40°C, an increase of the pressure results in an increase of the rate constants. However, at 
higher temperature a different behaviour is observed. At 50°C there is no increase of the rate 
constant within a pressure range from 0.1 to 300 MPa and only above 300 MPa the rate 
constants increase. 
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Figure 4.1-16 Inactivation of MTG by high-pressure treatment from 0.1 to 600 MPa and 10°C ( ), 
30°C ( ), 40°C ( ), 50°C ( ) 
 
Calculation of activation volumes from the Eyring relation was made to analyse the pressure 
effect on enzyme inactivation (figure 4.1-17). At low and medium temperatures, negative 
activation volumes of –16.2±0.5, -13.6±0.1, -11.20±0.3 cm3/mol for 10, 30 and 40°C are 
obtained. However, at 50°C, two clear tendencies were observed. To analyse this 
phenomenon, the Eyring relation was applied separately on the pressure ranges 0.1-300 
MPa and 300-600 MPa. Then a positive inactivation volume of about +3.02±2.0 cm3/mol at 
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50°C in a pressure  range from 0.1 to 300 MPa and a negative inactivation volume of -
11.02±0.4 cm3/mol at 50°C in a pressure range from 300 to 600 MPa, was calculated. When 
the pressure dependence of the inactivation rate constants k1 for this temperature was 
analysed by a polynomial function ln k1 = a + bP + cP2, the activation volume for each 
pressure can be calculated (table 4.1-4).  
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Figure 4.1-17 Inactivation of MTG by high-pressure treatment at 0.1, 200, 400 and 600 MPa and 10°C  
( ), 30°C ( ), 40°C ( ), 50°C ( , ) 
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The change of the algebraic sign of the activation volume occurred at a temperature around 
50°C in a range from 170 to 300 MPa. That is in agreement with Hawley (1971), Weemaes et 
al. (1998) and Urzica (2004), who stated that although at medium temperature (45 to 60°C) 
and low pressure (200 to 350 MPa) it is very difficult to distinguish the irreversibility of 
biological reactions, the changes of the kinetic parameters are clearly observed. 
 
The negative activation volumes of MTG show that in a temperature range from 10 to 40°C, 
high pressure could cause enzyme inactivation and protein unfolding, because there is a 
decrease in the volume of the protein-solvent system. Generally, negative values of the 
inactivation volume (∆V*<0) indicate that pressure induces protein unfolding. The charged 
and polar groups become exposed to the solvent leading to a hydration or solvation of amino 
acid residues.  Elimination of packing defects in the molecule occurs. There is a volume 
effect of transfer of hydrophobic groups from the protein to solvent (Jaenicke, 1983; Frye and 
Royer, 1998). The hydration of non-polar groups increase with protein unfolding (Kitchen et 
al., 1992). In addition, activation volumes about -10 cm3/mol could indicate covalent bond 
formation (Mozhaev et al., 1996). That can suggest that a part of the first inactivation step of 
MTG under high pressure could be also induced due to the formation of disulfide bonds at 
Cys64 of MTG. 
 
Table 4.1-5 Activation volumes derived of the polynomial function of inactivation rate 
constants k1 at 50°C. The figure at the right represents the detail of ln k1 vs pressure at 50°C 
expressed as a polynomial function. 
Pressure 
(MPa) 
∆V* 
(cm3/mol) 
0.1 6.4 
100 2.7 
          ~172         ~ 0.0 
200 -1.1 
300 -4.8 
400 -8.6 
500          -12.4 
600          -16.1 
 
 
The positive activation volume of MTG at high temperature (50°C) at about 0.1 to 300 MPa, 
shows that pressure induces enzyme stabilization against heat denaturation and is in 
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agreement with other enzyme studies (Hamon et al., 1996; Mozhaev et al., 1996; Crelier et 
al., 2001). For example, the heat-labile pectin methylesterase from tomato was stabilised in a 
pressure range from 500 to 600 MPa (Crelier et al., 2001). The question whether pressure 
induces inactivation or stabilization on MTG can be answered by a stability phase diagram 
over the pressure/temperature plane. It is stated that “Enzymes in an ongoing process of 
denaturation are by definition not at thermodynamic equilibrium” (Jaenicke, 1983; Crelier et 
al., 2001). However, several authors have obtained “kinetic phase diagrams” from the 
inactivation rate constants over a pressure temperature plane (Weemaes et al., 1998; Van 
Loey et al., 1998; Indrawati et al., 2000; Crelier et al., 2001). 
 
4.1.6 Pressure/temperature contour plot of active and inactivated MTG 
In order to access the MTG stability under simultaneous application of pressure and 
temperature, a contour plot of the inactivation behaviour of the enzyme in a range from 10 to 
50°C and 0.1 to 600 MPa was performed (figure 4.1-18). The pressure/temperature plane 
from the first fast step inactivation kinetic resulted by plotting residual activity obtained from 
each pressure and temperature combination of a time of 0.5, 0.75 and 1 h.  
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Figure 4.1-18 Pressure/temperature plane of active and inactive fractions of MTG in a 0.2 mol/L TRIS 
acetate buffer at pH 6 system after treatment time 0.75 h. Values from 0,9 to 0,4 indicate residual 
enzyme activity from 90 to 40%. 
 
The different grade of enzyme activity showed that MTG is very stabile under high pressure. 
For example, a 90% enzyme activity remains after treatment at atmospheric pressure (0.1 
4   RESULTS AND DISCUSSIONS 
104 
MPa) and temperature lower than 40°C. In the same way, this 90% was maintained at 
pressure above 400 MPa at low temperature (10°C). A 50% activity remained at a maximal 
pressure of 450 MPa and a maximal temperature around 40°C. 
 
These results show that MTG undergoes the same activation/inactivation behaviour as other 
enzymes (Weemaes et al., 1998; Indrawati et al., 2000, Ly-Nguyen et al, 2003). An 
antagonist effect of pressure and temperature occurs when low pressure (below 300 MPa) is 
combined with high temperature (above 50°C). Microbial transglutaminase retains a high 
residual activity after 0.75 h at pressure/temperature treatment and confirm its high stability 
under high pressure in comparison to other enzymes. For example, the 
pressure/temperature plane of active and inactive fractions of lipoxygenase (LOX) from crude 
bean extract (Indrawati et. al., 2000) shows, that at temperature up to 60°C, pressure does 
not stabilised the enzyme against thermal inactivation, although low pressures give a slightly 
thermo stabilizing effect. Nevertheless, inactivation of LOX was faster than MTG. The 
inactivation constant values to perform the pressure/temperature diagram were ranged from 
0.02 to 0.04 min-1, whereas those for MTG were from 0.001 to 0.1 min-1. 
 
4.1.7 Hypothetical pressure/temperature MTG plane from the first and the second rate 
constants  
Protein stability under the simultaneous effect of pressure and temperature can be analysed 
assuming a transition state between folded (native) and unfolded (denaturated) protein. The 
thermodynamic relation of Clausius-Clapeyron is applied on the equilibrium of these both 
states, i.e. when the free energy is zero. However, as is already mentioned, because 
prediction of the equilibrium state of biochemistry reactions is the central problem of its 
thermodynamics analysis (Alberty, 2005), calculation of equilibrium from experimental data 
was not possible due to the interference of side reactions. Thereby, in order to calculate an 
apparent equilibrium constant, Rugerio (2005) and Videa (2005) proposed a mathematic 
model equation of inactivation f(A/A0) as function of the time: 
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Where: λ1, λ2, are obtained for the following equations 
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Based on the mathematical adjustment, they stated also, that, the commercial MTG 
undergoes its inactivation due to a complex system and a phase diagram with a definite line 
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that divides the native and denature state could be not performed. For this reason, it is only 
presented a hypothetical activation/inactivation plane that represents the stability behaviour 
of MTG under different pressures and temperature combinations. The continue line was 
performed from the kinetic of the first step and dashed line from the kinetic of the second 
slow step, which was calculated using the same mathematical methodology of the fist step 
(chapter 4.1-5). The apparent equilibrium line could be found between the both steps (figure 
4.1-19).  
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Figure 4.1-19 Hypothetical representation of the pressure/temperature plane of microbial 
transglutaminase in a 0.2 mol/L TRIS acetate buffer at pH 6 considering the first and second step 
inactivation kinetics. The continue line represent 50% enzyme activity within the first step inactivation. 
The dashed line represents the second step kinetic. The apparent equilibrium and the transition state 
could be located between the both lines.  
 
The hypothetical pressure/temperature diagram and MTG stability is explained based 
exclusively on the transition state theory of the first step kinetic: 
 
1.- Along pressure and temperature axis, as long as the free Gibbs transition energy 
difference is positive (∆G*>0), the enzyme occurs in the active state and when the free 
Gibbs energy difference for the transition is negative (∆G*<0), the enzyme occurs in the 
inactivated state (Hawley, 1971, Zipp and Kauzmann, 1973). Protein stability principally 
depends on the combined effects of the exposure of the interior polar and non-polar groups 
and their interaction with water together with the consequential changes in the water-water 
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interactions. The enthalpy of transfer of polar groups from the protein interior into water is 
negative at higher temperatures, in contrast to the non-polar groups, which is positive  
(Privalov and Makhatadze, 1992). Then, the positive free Gibbs transition energy could be 
related to MTG stability and its activity based on hydrophobic interactions of its active site, 
which play an important role in the ordered state of the native soluble protein (chapter 
4.1.3.1). The transfer of the hydrophobic groups of the active site (Phe254, Phe251; Tyr278, 
Tyr62, Tyr65 and Trp69) to the solvent required a substantial amount of work; thereby Gibbs 
free energy is positive. 
 
2.- Along the atmospheric pressure axis (0.1 MPa), the stability of the enzyme decreases 
with increasing temperature, indicating a positive entropy activation (∆S*>0) contribution 
associated with the transition (Hawley, 1971). At 0.1 MPa, the MTG inactivation was induced 
at temperatures above 50°C. The enhancing entropy activation with increasing temperature 
can be related to the entropy of hydration of non-polar groups (Phe254, Phe251; Tyr278,Tyr 
Tyr62, Tyr65 and Trp69), which increases with temperature, indicating that they are less able 
to order the water of buffer at higher temperatures and contribute to the system’s disorder by 
interfering with the extent of the hydrogen-bond network. In addition, there is an entropy gain 
from higher degree of freedom of the non-polar groups when the protein is unfolded (Privalov 
and Makhatadze, 1992). 
 
3.- Pressure increase from 0.1 to 600 MPa in a range from 10 to 40°C leads to a negative 
activation volume and positive entropy (∆V*<0, ∆S*>0) suggesting that MTG inactivation as 
well as stabilisation processes are initiated by temperature and pressure (Hawley, 1979, 
Urzica, 2004). 
 
4.- Increasing pressure from 0.1 to about 300 MPa at about 50°C, leads to a positive value of 
the activation volume (∆V* > 0), indicating that under this conditions pressure induces 
enzyme stabilisation (Hawley, 1971; Jaenicke, 1983; Urzica, 2004).  
 
5.- A negative activation volume along with a negative entropy (∆V*<0, ∆S*<0) was not 
obtained, which indicates that cold denaturation of MTG at 10°C in a pressure range from 0.1 
to 600 MPa did not occur (Doster and Gebhardt, 2003). Despite long time incubation at 200 
MPa and 10°C for 144 h, MTG did not show constant inactivation behaviour. In the figure 
4.1-19 can be observed that at low temperature (around 10°C) and high pressure (around 
600 MPa), the difference between the first and second inactivation kinetic step is greater 
than at medium temperature (30 to 40°C). Then, it is proposed that around 10°C and high 
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pressure, the reversibility of enzyme inactivation is very high. Based on  simulation models of 
peptides proposed by Nguyen and Hall (2004), who found that low temperature leads to 
increase the α-helixes content in molecule, it can be suggested that the α-helixes that 
surround MTG molecule were not destroyed at 10°C and 200 MPa and remained more 
stable, protecting the active site of the enzyme. 
 
The hypothetical diagram for MTG in a 0.2 mol/L TRIS acetate buffer at pH 6 in absence of a 
reducing agent shows an antagonistic effect between pressure and temperature on the 
enzyme stability. An increase of pressure at constant temperature results in higher MTG 
stability. That could be explained by the principle of microscopic ordering, which states that 
increasing pressure leads to higher order of the molecules or a decrease in the entropy of a 
system (Mozhaev et al., 1996). 
 
The pressure/temperature plane of active and inactivate fraction of MTG can be a tool for 
technical process. In this diagram, it is easy to locate the residual activity in different 
pressure and temperature combination. Then, based on this kinetic study, it was stated that 
MTG at 400 MPa and 40°C for 0.5 h remain high enzyme activity. Under this criterion, 
incubations of MTG with individual casein under atmospheric and high pressure conditions 
(0.1 and 400 MPa at 40°C) were performed to induce irreversible protein cross-linking. The 
affinities of MTG to individual caseins are presented in the following section. 
 
 
4.2 Affinity of microbial transglutaminase to acid casein, αs1- and β-casein under 
atmospheric and high pressure conditions 
Several studies have demonstrated that caseins are good substrates for MTG (Traoré and 
Meunier, 1991; Oh et al., 1993; Rodriguez-Nogales 2005) because they contain numerous 
glutamine and lysine residues. However, MTG shows certain specificity, so not all glutamines 
of the individual casein are reactive (Oh et al., 1993). Caseins represent about 80% of the 
total protein in milk, containing mainly of αs1-casein (38%), αs2-casein (10%), ß-casein (36%) 
and κ-casein (13%). Each casein have a distinct primary structure (Dalgleish, 1997) and 
although there are similarities among them, there is already debate about, how these primary 
sequences determine their conformational structure and individual physical properties (Alais, 
1997; Wong et al., 1996), which play a significant role for the affinity of MTG to casein 
(Christensen et al., 1996; Richter, 2004). In order to investigate wheatear MTG show 
different affinity to the different caseins as specific substrates under atmospheric and high 
pressure treatment, acid casein, ß- and αs1-casein from bovine milk were isolated and 
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characterised. After caseins isolation, irreversible cross-linking from the individual caseins 
treated with MTG at 0.1 and 400 MPa at 40°C for 15 min was analysed using gel permeation 
chromatography. 
 
4.2.1 Isolation and identification of the casein fractions 
a) Purity control of isolated casein by electrophoresis using urea 
Native polyacrylamide electrophoresis, using urea in the gels to dissociate the casein 
complex, was performed to control the purity of whole casein from isoelectric precipitation 
and ß-casein isolated by urea fractionation method (figure 4.2-1).  
 
 
Figure 4.2-1 Native polyacrylamide electrophoresis of milk proteins 1) Acid casein. 2) Acid casein from 
isoelectric precipitation. 3) ß-casein standard. 4) ß-casein isolate. 5) ß-lactoglobulin purchased by 
Konrad and Lieske (1997). 6, 7) ß-Lactoglobulin isolate. 8) ß-Lactoglobulin standard. 
 
In this procedure, the pH of the buffer was adjusted so that the milk proteins had the same 
negative charge, but different charge densities. Following the application of an electric field 
on the electrophoresis unit system, the milk proteins migrated towards the positively charged 
electrode and were separated in order of their charge density. Isolated whole casein (lane 2) 
was free of whey protein and showed only the characteristic bands of the different caseins. 
ß-casein (lane 4) contained residual amounts of κ-casein whereas ß-lactoglobulin (lane 6 
and 7) showed the characteristic dimer bands. Isolation of acid casein by isoelectric 
precipitation and ß-lactoglobulin by salt precipitation were considered efficient separation 
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methods. ß-casein appears to be tenaciously associated with κ-casein, so a complete 
separation of both proteins was not possible with this method. For this reason, an ion-
exchange chromatography had to be used to obtain isolates with higher purity. 
 
b) Fractionation of acid casein by ion-exchange chromatography 
Due to differences in their isoelectric points and net charge, the different proteins of acid 
casein can be fractioned by ion-exchange chromatography (Swaisgood, 1992). The 
individual caseins were isolated using ion-exchange chromatography in imidazole buffer with 
added urea; TCEP and a NaCl gradient. According to the isoelectric points of the proteins, 
the order of elution from ion-exchange chromatography was γ-casein, κ-casein, ß-casein, 
αs2-casein and finally the αs1-casein (figure 4.2-2). The results shows that a better 
dissociation of casein micelles is achieved using the combination of urea and TCEP in 
elution puffer.  
 
Figure 4.2-2 Ion exchange chromatography. Isolation of ß-casein and αs1-casein from acid casein from 
isoelectric precipitation  
 
4.2.2 Purity control of isolated caseins by electrophoresis 
Polyacrylamide electrophoresis with urea in the gels was used to confirm the purity of 
isolated caseins after ion-exchange chromatography (figure 4.2-3). Isolated acid casein (lane 
2 and 3) showed also the characteristic band of the different caseins. ß-casein isolated by 
differential solubility (lane 5) showed residual amounts of κ-casein, whereas the ß-casein 
and αs1-casein isolated by ion-exchange chromatography showed a high purity (lane 9-11). 
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Figure 4.2-3 Native polyacrylamide electrophoresis of caseins. 1) Acid casein standard. 2, 3) Acid 
casein from isoelectric precipitation. 4) ß-casein standard isolated by differential solubility. 5) ß-casein 
isolated by differential solubility. 6, 7) ß-casein isolated by ion exchange chromatography. 8) αs1-
Casein standard (Merck). 9, 10, 11) αs1-casein isolated by ion exchange chromatography. 
 
a) Characterisation of isolated proteins by SDS-PAGE electrophoresis 
After several fractionation runs using ion-exchange chromatography, sufficient amounts of 
the individual proteins were isolated and the fractions could be characterised by SDS-PAGE 
electrophoresis using a 12, 8 and 5% discontinuous concentration acrylamide gel (figure 4.2-
4). After solubilisation of the samples in an anionic detergent (SDS), the charge of the 
proteins is masked with a negative net charge that is proportional to the molecule size 
(Westermeier, 1997). In addition, differences in the molecule form are compensated by the 
loss of the tertiary and secondary structures. Disulfide bonds formed between cysteine 
residues were reduced by DTT and the SH groups were protected by subsequent alkylation 
with iodo acetamide. Thus prepared, the electrophoretical mobility of milk proteins in a gel 
with sieving properties depends exclusively on molecular size. 
 
Molecular weight values the individual casein fractions were estimated with a calibration 
curve using a Protein Test Mixture 6 (Serva, Heidelberg, Germany), which contained 
molecular weight markers in a range from 6.5 to 97.4 kDa. ß-Lactoglobulin showed a 
molecular weight of 18.4 kDa, a value close to that cited in literature (Cheftel et al. 1992, 
Alais 1997). However, ß-casein and αs1-casein gave calculated molecular weights of 27.6 
and 31.4 kDa, which are higher than the molecular weights reported by Cheftel et al. (1992). 
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Figure 4.2-4 SDS-PAGE of milk proteins. 1) Molecular mass standard. 2) Non-reduced acid casein. 3) 
Reduced acid casein. 4) Non-reduced ß-casein. 5) Reduced ß-casein. 6) Non-reduced αs1-casein. 7) 
Reduced αs1-casein 8) Reduced ß-lactoglobulin 9) Molecular mass standard. 
 
In order to study why the molecular weight of ß-casein and αs1-casein differed from literature 
values, further electrophoresis experiments involving isolated milk proteins as well as 
independent standard proteins, Phosphorylase B (Serva, Heidelberg, Germany), bovine 
serum albumin (Sigma-Aldrich, Steinheim, Germany), egg albumin (Sigma-Aldrich, 
Steinheim, Germany), carbonic anhydrase (Serva, Heidelberg) and cytochromo C (Merck, 
Darmstand, Germany), were performed under the same conditions. Molecular weight of milk 
proteins and different protein standards were calculated using a calibration curve from the 
Protein Test Mixture 6 (Serva, Heidelberg, Germany).  
 
Table 4.2-1 Calculated molecular weight of isolated milk proteins  
 
Molecular weight (kDa)  
Protein Calculated Literature 
(Cheftel et al., 1992; 
Wong et al., 1996) 
ß-lactoglobulin 
ß-casein 
αs1-casein 
18.4 
27.6 
35.8 
18.2 
23.9 
23.6 
   97.4
   67.0
   45.0
   29.0
   12.5
      6.5
   1         2           3         4         5          6         7          8         9 
   21.0
kDa
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Calculated weight of isolated ß-lactoglubulin was close to the data from literature (table 4.2-
1). However, the values of ß-casein remain near the reported, but the value of αs-casein 
remained 12 kDa higher (Cheftel et al., 1992, Alais 1997). This experiment demonstrated 
that electrophoresis procedure was efficient for determining the molecular weight of globular 
milk protein but not for the isolated ß- and αs-caseins. The determination of the exact 
molecular weight of αs1-casein from acid casein obtained using SDS-electrophoresis 
following the procedure of Jovin et al. (1970) and Lane (1978) modified by Böhm (2002) was 
not possible owing to casein interaction with itself, with ions present in the buffer and the 
temperature conditions in the electrophoresis system. Ammonium sulphate fractionation and 
centrifugation in the presence of calcium (II) could be suggested as a more suitable method 
to avoid alterations of components, especially oxidation of SH groups during whole casein 
isolation (McKenzie, 1970). 
 
Isolated acid-, ß- and αs1-casein were used as substrate for the kinetic reaction with MTG 
under atmospheric and high pressure conditions. Because calculated molecular weight value 
of αs1-casein is different to the date from literature, molecular weight 23 980 g/mol for ß-
casein, 23 610 g/mol for αs1-casein and 22 000 g/mol as is reported by Cheftel and Wong 
(Cheftel et al., 1992, Wong et al., 1996), were using to perform the kinetic study discussed in 
the next section. 
 
4.2.3 Reaction kinetic studies 
Enzymatic reaction of protein substrates 
Kinetic analysis of the enzyme reaction with protein substrates is more complex than the 
reaction with peptide substrates containing only a single functionality that the enzyme 
recognizes. The protein could have multiple sites as substrates, and furthermore the enzyme 
can catalyse a processive chemical reaction with the formed products (Case and Stein, 
2003). 
 
Christensen et al. (1996) reported that there are a limited number of glutamine residues in 
bovine casein that are attacked by TG from pig liver. For αs1-casein only 4 of 15 and for ß-
casein only 5 of 21 glutamine residues were found to be catalytically competent for an acyl-
transfer reaction catalysed by TG. If it is considered that these 4 and 5 glutamine residues of 
αs1-casein or ß-casein act as substrates in a non-processive enzymatic reaction, this would 
result in several microscopic kinetic parameters. MTG would bind to each glutamine residue 
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of monomeric casein in n different ways, to produce n catalytic complexes to produce a 
unique final product that all pathways have in common (figure 4.2-5). When a progressive 
reaction is considered, the glutamine residues of the dimer and trimer (new oligomerisation 
products) act also as substrate. Then the n different ways increases considerably. That 
means that reaction of MTG with casein reflects a complex mechanism in which the reaction 
of each of the glutamine residues is governed by individual constants (kcat/Km)n.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2-5 Minimal simulation mechanism of a non-processive reaction of MTG with αs1-casein as 
poly-functional substrate (Modified from Case and Stein, 2003) 
 
In the present work, the following conditions were established to analyse the kinetic 
parameters of MTG using protein substrates: 1) Initial velocity kinetics of non-processive 
enzymatic reaction of polymeric substrate. 2) The substrate concentration exceeded MTG 
concentration. Due to the complex kinetics, it was attempted to interpret the results of the 
experiments from the reaction of MTG with the individual caseins at the stage of a single 
MTG-monomeric casein complex formation. 
 
4.2.4 Kinetic reaction model propose for the reaction of microbial transglutaminase 
with monomer of acid, αs1,- and ß-casein 
The enzyme kinetics study was performed considering that the enzyme-catalysed reaction 
involves the conversion of a single substrate into a product. Where M is the monomer of 
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individual caseins with n number of glutamine residues, E is the enzyme MTG and P is the 
polymerisation product. 
 
M + E M:E P 
k1
k-1
kcat
The time-dependent variation of the individual reactants was expressed in the following 
differential equations: 
 ][][][ EMk
dt
Md
dt
Pdv cat===    (eq. 4.2-1) 
Considering that, when the reaction velocity remains constant with [EM] being formed and 
consumed at the same time; the maximum velocity Vmax occurs when the enzyme E is 
saturated. At high concentrations of substrate, the reaction velocity reaches its maximum 
value and can be considered: 
 Vmax = kcat [ET] (eq. 4.2-2) 
 
After algebraic substitution, a final equation expression described by Henri-Michaelis-Menten 
is obtained (Copeland, 1996; Bisswanger, 2002). 
][
][max
MK
MV
v
m +
=                                                     (eq. 4.2-3) 
 
Measurement of Vmax and Km 
The kinetic parameters Vmax and Km, kcat, which define the behaviour of the enzyme MTG as 
a function of casein concentration as substrate, were determined graphically from 
untransformed data and by a mathematical model from adjusted data using DynaFit software 
(BioKing, Ltd, USA) and Sigma software (Systat GmbH) based on the following 
considerations: 
 
Km represents the substrate concentration [M] that leads to half-maximal velocity. Setting 
[M]=Km, turns the equation 4.2-3 into expression: 
 
max2
1 Vv =
  (eq. 4.2-4) 
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In the model of this work, it is considered that Km and kcat represents the sum of ∑
=
=
nj
i
mK
1
 and 
∑
=
=
nj
i
catk
1
 of the all kinetics from the n numbers of glutamine residues in the monomeric casein. 
In the same way, the ∑
=
=
nj
i m
cat
K
k
1
 ratio gives weight to turnover of the Henri-Michaelis-Menten 
complex between MTG and monomeric casein. 
 
4.2.5 Monitoring of reaction 
The decrease of the monomeric casein concentration [M] from the reaction of whole, ß- and 
α-casein in a concentration range from 0.125 to 3.000 mg/mL incubated with 0.010 U/mL 
MTG in a 0.2 mol/L TRIS-acetate buffer pH 6.0 at 0.1 and 400 MPa at 40°C from 0 to 15 min 
was monitored by gel permeation chromatography under reducing and denaturing conditions 
using Superdex 200 HR 10/30, which showed good resolution of proteins in the molecular 
weight range from 10 000 to 600 000. Calibration curves were recorded with monomer of the 
different caseins in a range from 0.125 to 3.000 mg/mL, incubated with thermal inactivated 
MTG (0.010 U/mL) under the same conditions as the samples mentioned above. The 
concentration units expressed originally in mg/mL, were converted to mmol/mL considering 
the molecular weight of 23 980 g/mol for ß-casein, 23 610 g/mol for αs1-casein and 22 000 
g/mol as an average of the molecular weight of the major proteins contained in whole casein 
(Cheftel et al., 1992, Wong et al, 1996). 
 
When MTG (0.010 U/mL) was incubated with ß-casein (0.75 mg/mL) at 0.1 and 400 MPa at 
40°C for 0, 5, 10 and 15 min, it was possible to monitor the reaction by measuring the 
decreased of monomeric casein to form irreversible covalent cross-linking with increasing 
time. A higher decline in the concentration of monomeric casein was observed during 
treatment at atmospheric pressure compared to high pressure (figure 4.2-7). Comparing the 
oligomer patterns of the different sample revealed a more pronounced formation of higher 
oligomer at atmospheric pressure than at 400 MPa. A qualitative similar monomer decrease 
was observed for 0.75 mg/mL αs1-casein after treatment with 0.010 U/mL MTG in the same 
system and conditions. However, the reaction between MTG and αs1-casein as substrate 
mainly led to formation of dimer. A higher decline in the concentration of monomeric casein 
was again observed after treatment at atmospheric pressure compared to high pressure 
(figure 4.2-8).  
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Figure 4.2-7 Gel permeation chromatograms of ß-casein  samples (0.75 mg/mL) incubated with MTG 
(0.010 U/mL) in a 0.2 mol/L TRIS-acetate buffer pH 6.0 at 40°C for 0 to 15 min. (a) Reaction at 0.1 
MPa. (b) Reaction at 400 MPa. UV-Detection: λ = 280 nm. 
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Figure 4.2-8 Gel permeation chromatograms of αs1-casein samples (0.75 mg/mL) incubated with  MTG 
(0.010 U/mL) in a 0.2 mol/L TRIS-acetate buffer pH 6.0 at 40°C for 0 to 15 min. (a) Reaction at 0.1 
MPa. (b) Reaction at 400 MPa. UV-Detection: λ = 280 nm. 
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Reaction progress curves of αs1-, ß- and acid casein were plotted from the remaining 
monomeric casein [M] verus  time. The starting concentration ranged from 0.125 to 3 mg/mL 
(5 x 10-3 to 125 x 10-3mmol/L) and reaction times were 0, 5, 10 and 15 min. The initial velocity 
(vo) for each starting concentration was calculated as the slope of these linear plots. The 
reaction velocity was measured during the early phase of the reaction, for this reason 0vv =  
was considered to be valid (figure 4.2-9). 
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Figure 4.2-9 Reaction progress curves tM ∆∆− /][   for the loss of monomer as substrate during the 
reaction of different concentrations of ß-casein solutions with 0.010 U/mL MTG in 0.2 mol/L TRIS-
acetate pH 6.0 buffer at 0.1 MPa pressure and 40°C. 
 
The effect of individual casein concentrations on the reaction velocities was analysed by 
plotting reaction velocities tM ∆∆− /][   from ß- and αs1- and acid casein, as a function of 
substrate concentrations (figure 4.2-10). Reaction velocities at 0.1 MPa and 40°C for ß-, αs1- 
and acid caseins at low substrate concentrations displayed first-order behaviour and at high 
substrate concentration, the velocity switches to zero-order behaviour, implying no 
dependence on substrate concentration. The obtained models resemble a hyperbolic 
behaviour, which could be interpreted according to the Henrich-Michaelis-Menten (eq.4.2-3) 
(Copeland, 1996). In contrast, a hyperbolic model was not achieved for reaction of αs1-casein 
under 400 MPa and 40°C. 
t
Mv
∆
∆
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0
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Figure 4.2-10 Plots of reaction velocities from ß- und αs1-casein, measured as the slopes tM ∆∆− /][  
shown in figure 4.2-9. Reaction of ß-casein with MTG at 40° C at 0.1 MPa ( ) and 400 MPa ( ). 
Reaction of αs1-casein with MTG at 40°C at 0.1 MPa ( ) and 400 MPa ( ). Reaction of acid casein 
with MTG at 40°C at 0.1 MPa ( ). 
 
The experimental kinetic values of Vmax and Km reported in table 4.2-2 were determined by 
interpolation of the plots of the initial velocity experimental measurements obtained at varying 
individual casein concentrations (figure 4.2-10). 
 
Table 4.2-2. Graphical determination from untransformed data 
 ß-Casein αs1-casein Whole casein 
Vmax (1 x 10 -3 mmol/L·min) 
0.1  MPa, 40°C 
400 MPa, 40°C 
 
1.68 
1.16 
 
0.44 
0.30 
 
0.70 
n.d 
Km (1 x 10 -3 mmol/L) 
0.1  MPa, 40°C 
400 MPa, 40°C   
 
29.03 
39.22 
 
33.52 
45.31 
 
19.40 
n.d 
n.d Not determined 
 
-∆
[M
]/∆
t 
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The mathematical adjustment of the plots of reaction velocities as a function of casein 
concentration, as well as the values of Vmax and Km were performed by a nonlinear 
regression from experimental data with the equation 4.2-5 using Sigma plot software (Systat 
GmbH, Germany) and DynaFit software (BioKing, Ltd, USA) . 
 
xb
xav
+
⋅
=  (eq. 4.2-5) 
Where x= [M], a= Vmax and b=Km 
 
4.2.6 Evaluation of reactions kinetic at atmospheric pressure 
The adjusted hyperbolic behaviour of MTG reactions with individual caseins under 
atmospheric conditions is showed in figures 4.2-11 and the resulting kinetic parameters are 
exposed in table 4.2-3. The statistical evaluation of the values reported in the table 4.2-3 
shows that the mathematical model fit were significant (p < 0.05) for ß-, αs1-, and whole-
casein kinetics carried out at 0.1 MPa and 40°C. This indicates that the adjusted values of 
Vmax and Km are acceptable. Maximal velocities of 2.66 x 10-3, 0.79 x 10-3 and 1.32 x 10-3 
mmol/L·min were obtained from ß-, αs1-, and acid-casein, respectively. The Vmax indicated the 
maximal reaction rate and described the steady-state equilibrium of the reaction catalysed by 
MTG. 
 
Table 4.2-3. Kinetic values for reaction of MTG from adjusted dates using DynaFit software 
 ß-Casein αs1-Casein Acid casein 
 Coefficient P>F Coefficient P>F Coefficient P>F 
Vmax (1 x 10-3 mmol/L·min) 
0.1  MPa, 40°C 
400 MPa, 40°C 
 
2.7 
2.6 
 
0.0001 
0.0048
 
0.8 
6717.09 
 
0.0011 
0.9900
 
1.3 
n.d 
 
0.0003
Km (1 x 10-3 mmol/L) 
0.1  MPa, 40°C 
400 MPa, 40°C 0.1  
 
58.9 
144.1 
 
0.0006 
0.0367
 
64.4 
∞ 
 
0.04 
- 
 
49.9 
n.d 
 
0.0117 
- 
Coefficients significant at 95 % confidence level. Values of “Prob>F” less than 0.05 indicate model 
terms are significant. Values greater than 0.10 indicate the model terms are not significant. 
n.d Not determined 
 
In the Henri-Michaelis-Menten kinetic reaction, the first reaction describes the binding of the 
substrate to the enzyme and constant Km corresponds to the dissociation constant of the 
equilibrium under conditions, where the product formation is very slow compared to the 
dissociation process of the substrate (Copeland, 1996). Thereby, Km for the complex reaction 
is a good approximation of the dissociation equilibrium of all substrates bounds of the 
enzyme and could describe the affinity of MTG to the monomeric casein.  
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Figure 4.2-11 Plots of reaction velocities from ß-casein, measured as the slopes -∆[M]/∆t shown in 
figure 4.2-9. ( ) Experimental data from reaction of ß-casein with MTG at 0.1 MPa and 40°C. The 
continue line represent the adjusted data by the equation 4.2-5. ( ) Experimental data from reaction 
of αs1-casein with MTG at 0.1 MPa and 40°C. The continuous line represent the adjusted data by the 
equation 4.2-5 
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The Km values of 59 x 10-3 for ß-casein, 64x 10-3 for αs1-casein and 50 x 10-3 mmol/L for acid-
casein suggested that although MTG achieved maximal velocity with ß-casein, it had the 
best affinity to acid casein followed by ß-casein and finally αs1-casein. The later exhibited 
only 45% affinity of MTG compared to acid casein. The high MTG affinity to acid casein could 
be explained by the contribution of the potential reactive glutamine residues of κ-casein 
(Christensen et al., 1996). The Gln114 and Gln113 are located in the high soluble regions of 
κ-caseins, which are exposed to solvent. These regions surround the casein micelles with 
regard to this the affinity of MTG toward individual caseins at 0.1 MPa at 40°C followed the 
order: acid casein > ß-casein > αs1-casein.  
 
The second reaction step describes the catalytic rate or the rate of product formation and 
referred to as the turnover number kcat, which is defined as the maximal number of product 
per active site per unit time. The kcat was calculated from Vmax = kcat [ET] (eq. 4.2-2) and 
considering that ActivaTM MP contain 7 mg protein per 1g powder (Bradford method) and 93 
U per 1 g powder, the enzyme concentration of 0.01 U/mL using in the kinetic reaction is 
1.98 x 10-5 mmoL/L. The obtained kcat values were 136 min-1 for ß-casein at 0.1 MPa, 131 
min-1 for ß-casein at 400 MPa; 40 min-1 for αs1-casein at 0.1 MPa and 66 min-1 for acid casein 
at 0.1 MPa.  
 
The value of the ratio kcat/Km is generally considered to be parameters of the catalytic 
efficiency of an enzyme (Copeland, 1996), thereby, the obtained kcat/Km values of 2 315 for 
ß-casein, 627 for αs1-casein and 1 316 L/mmol·min for acid casein, indicate that at 0.1 MPa 
and 40°C, MTG in a 0.2 mol/L TRIS-acetate buffer pH 6 is more efficient to modify ß-casein 
followed by acid- and αs1-casein. The tendencies of Km and kcat values, as well as kcat/Km 
ratio agree with reports by Traoré and Meunier (1992), who analysed the transfer reaction of 
Ca2+ activated TG from human placental factor XIIIa with individual caseins at 37°C by the 
formation of ammonia. The kinetic reactions of individual caseins followed the Michaelis-
Menten´s law. The Km values of 100 x 10-3, 34 x 10-3, 50 x 10-3, 130 x 10-3 mmol/L, as well as 
kcat values of 97, 364 and 150 min-1 for αs-, ß-, κ- and whole casein respectively were 
reported. Thus demonstrated that ß- and κ- casein are more susceptible for cross-linking by 
factor XIIIa than αs1-casein. The tendency of substrate specificity is also similar, kcat/Km ratios 
of 966 L/mmol·min for αs-casein, 10 694 L/mmol·min for ß-casein, 4 800 L/mmol·min for κ-
casein and 2 308 L/mmol·min for whole casein were reported. However, although the Km of 
both works are similar, kcat and kcat/Km radios could be not exactly comparable. That could be 
explained because both experiments were performed under very different conditions. Traoré 
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and Meunier (1992) analysed the transfer activity by the formation of ammonia, a secondary 
product obtained after the formation of the acyl enzyme intermediate from all potential 
glutamine residues in the system. In addition, the measurement was carried out by coupling 
the Ca2+ activated animal transglutaminase reaction to the reaction catalysed by glutamate 
dehydrogenase; whereas in our work, the kinetic behaviour was analysed by monitoring the 
decreased of monomeric casein, trying to anticipate that only the glutamine residues of 
monomeric casein react with MTG to form single enzyme-substrate complex.  
 
The different affinities of MTG to individual caseins can be discussed by several theories: 
 
1) Type of transglutaminase 
The affinity of the enzyme to casein depends also on the type of transglutaminase. Studies 
by Gorman and Folk (1980) reported that distinct transglutaminases may recognize the same 
protein as substrate, but often with different affinity or with specificity for different glutamine 
residues. 
 
2) Amino acid sequence of caseins.  
Several authors explain that the amino acid sequence of proteins determines the reactivity of 
the glutamine residue, but there are yet no rules given to decide when a glutamine is 
potentially reactive. Coussons et al. (1992) proposed that the presence of positively charged 
lysine and arginine in a window of five residues C-terminal to a glutamine residue lowers the 
ability of the glutamine to be modified by guinea pig liver TG. However, several TG-reactive 
glutamines do not follow this charge rule. Aeschlimann et al. (1992) and Hohenadl et al. 
(1995) reported reactivity of two adjacent glutamines (Gln-Gln or Gln-X-Gln), where in κ-
casein, only the second of two consecutive glutamines, Gln45, is recognized as an acyl 
donor. In the αs1-casein, the first glutamine, Gln130, acts as the acyl donor. The situation, 
Gln-X-Gln, in which both residues act as acyl donors is found in ß-casein (Gln185-Thr-
Gln187). 
 
3) Localization of potential glutamine residues on the casein molecule.  
The primary structure of the casein as well as its conformational structure determines 
whether a glutamine residue can be reactive. The localization of potential transglutaminase 
cross-linking sites in bovine caseins have been studied by labelling bovine casein with 
radioactive specific site probes in reactions catalysed by guinea pig TG and MTG. 
Christensen et al. (1996) reported individual caseins labelled with [14C]-putrescine by guinea 
pig liver TG at Gln13, Gln108, Gln130 and Gln140 for αs1-casein; Gln179, Gln169, Gln185 
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and Gln187 for αs2-casein; Gln54, Gln56, Gln72, Gln79 and Gln182 for ß-casein; Gln29, 
Gln45, Gln114 and Gln163 for κ- casein. In our laboratory (chapter 2.5.3), Richter (2004), 
used ß-casein and labelled it with triglycine revealing four reactive glutamine residues, when 
the reaction is carried out with 4 U MTG/g protein: Gln (72 or 79 or 89), Gln (117 or 123 or 
141 or 146 or160 or 167), Gln182, and Gln (188 or 194 or 195). When the reaction is 
catalysed by 20 U MTG/g protein, seven potential MTG-reactive glutamine residues were 
accessible, the four as mentioned above and additionally Gln54, Gln56, Gln184.  
 
 
Figure 4.2-12 Hydrophobicity of the caseins along their peptide chains (Adopted from Dalgleish, 1997) 
 
Most of the potential glutamine residues of ß-casein proposed by Christensen (1996) and 
Richter (2004) are located in hydrophobic regions (figure 4.2-12 and 4.2-13), which 
contradicts the theory of Aeschlimann (1992), who stated that the reactive glutamines are 
located in surface regions exposed to the solvent or flexible extension of the proteins, as 
patches of hydrophilic residues are often found in their vicinity. Richter (2004) suggests that 
MTG has preference to react with residues located in ordered domains of ß-casein. Although 
the high concentration of proline in caseins should lead to little order in the protein, a 
molecular modelling reported by Cheftel et al. (1992), estimates a contend of 10% α-helix (97 
to 103 and 138 to 146), 13% ß-sheet (52 to 60, 77 to 87 and 187 to 195) and 77% of random 
coil. Based on this, the Gln141 or Gln146 are located in a α-helix region and Gln54 or Gln56, 
Gln79, Gln88, Gln94 or Gln95 are located in a ß-sheet region, while Gln72 and Gln89 can 
react because they are situated at the end of a ß-sheet or in a flexible region. 
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The lower affinity of MTG to the monomer of αs1-casein compared to ß-casein may be due 
the fact that the former contains fewer reactive glutamine residues and furthermore, that the 
hydrophobic and charged residues are not uniformly distributed, therefore glutamine residues 
are masked when the protein tends to self-associate e.g. in 0.2 mol/L TRIS-acetate buffer pH 
6.0. The potential reactive glutamines of αs1-casein proposed by Christensen et al. (1996), 
Gln13 are located in the hydrophilic region (figure 4.2-13), but Gln108, Gln130 and Gln140 
are located among the residues 100 to 199, which have a high degree hydrophobicity 
(Richardson et al. 1992) and are probably responsible, in part, for the pronounced self-
association of the αs1-monomers association in aqueous solutions.  
 
 
Figure 4.2-13 a) Three dimensional modeling of bovine ß-casein (Adopted from Kumosinski et al., 
1993): Color blue represent the N-terminal portion (residues 1 to 40). Color red represents the C-
terminal portion with many apolar residues resulting in its high hydrophilicity. Color black are the 
potential glutamine residues proposed by Christen et al. (1996) and color green the potential 
glutamine residues proposed by Richter (2004). b) Three dimensional modeling of bovine αs1-casein 
(Adopted from Kumosinski et al., 1991): Color red represents the C-terminal half of the molecule 
(residues 100 to 1999), resulting in its very high hydrophobicity and self association. Color black are 
the potential glutamine residues proposed by Christen et al. (1996).  
 
4) Glutamine/Lysine ratio 
The Gln/Lys ratio of αs-casein (0.8) is lower than the Gln/Lys radio of ß-casein (2.1). Traoré 
and Meunier (1991) report that the relation of glutamine/lysine residue of individual caseins 
also correlates with casein reactivity.  
 
4.2.7 Evaluation of reactions kinetic at high pressure 
The adjustment of the kinetical data of MTG reactions with individual caseins under high 
pressure conditions (400 MPa and 40°C) is shows in figure 4.2-13 and the resulting 
parameters Vmax and Km are summarised in table 4.2-3. The maximal velocity from 
 
a) b)
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experimental data decreased to 1.16 mmol/L⋅min for ß-casein and to 0.30 mmol/L⋅min for 
αs1-casein, which are approximately a 69 % of maximal velocity of αs1- and ß-caseins from 
the reaction at 0.1 MPa at 40°C. However, the kinetical adjusted values (table 4.2-3) pointed 
on different reaction orders at 0.1 MPa at 40°C. The residual value of regression analysis 
between experimental and adjusted data of individual caseins were acceptable (R2 > 0.85), 
the coefficient of the estimate hyperbole was significant (p < 0.5) for ß-casein, but not 
significant (p > 0.05) for αs1-casein, which indicates that the calculated values of Vmax and Km 
are not acceptable for αs1-casein. The adjustment data appeared follow a first-order kinetic 
with infinite values of Vmax and Km and demonstrated that reaction of MTG with αs1-casein 
under high pressure had not a Henri-Michaelis-Menten behaviour. 
 
The non-Michelian kinetic reaction behaviour of αs1-casein under high pressure could be 
explained by:  
1) Low solubility of αs1-casein: Copeland (1996) reported that limitations of the substrate 
solubility could cause errors in calculating kinetic parameters due to low solubility of αs1-
casein in 0.2 mol/L TRIS-acetate buffers pH 6. The experiments ere limited to 1.9 mg αs1-
casein/mL with possible affects on the estimation of Vmax and Km.  
 
2) Self association of αs1-casein. Thermal and high pressure treatment at 400 MPa and 40°C 
could cause a drastic self association of αs1-casein leading to a low affinity to MTG and non 
Henri-Michaelis-Menten kinetic.  
 
The self association of caseins has been discussed by different authors (Rollema, 1992; 
Mora-Gutierrez et al. 1993, Stevenson et al. 1996, Roos-Murphy, 2000). There are several 
factors that induce this effect, for example, in all the genetic variants of αs1-casein, the 
particle weight increases by increasing ionic strength in the solution (Rollema, 1992). 
However, variant C showed strongest association, possibly due to the reduction in charge, 
which does not favour the salvation of the protein. Increase of protein concentration, as well 
as temperature or pressure also cause self association and increase of the particle weight 
(Thomson, 1970). For example, a study about the influence of high pressure treatments on 
casein micellar structure is reported by Law et. al. (1998), who analysed structural changes 
in casein micelles from caprine milk under high pressure treatment. At room temperature 
(20°C) and high pressure (500 MPa), the micelles are destroyed into small soluble particles. 
Increasing temperature to 45°C at 500 MPa, causes higher particle solubility. However, at a 
temperature of 45°C in a pressure range from 300 to 400 MPa, no soluble casein aggregates 
are formed.  
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Figure 4.2-13 Plots of reaction velocities from αs1-caseins, measured as the slopes -∆[M]/∆t shown in 
figure 4.2-9. ( ) Experimental data from reaction of ß-casein with MTG at 400 MPa and 40°C. The 
continue line represent the adjusted data by the equation 4.2-5. ( )Experimental data from reaction of 
αs1-casein with MTG at 400 MPa and 40°C. The continue line represent the adjusted data by the 
equation 4.2-5. 
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A study about the influence of temperature is reported by Datta et al. (1999), who found that 
casein treated at temperature-dependent conditions undergoes reversible protein 
reassociation. To study the self association behaviours of αs1-casein, dynamic light scattering 
experiments were performed (Sood and Slaterry 1997). In solutions of αs1-casein in a 
concentration of 3 mg/mL in a 0.2 mol/L TRIS-acetate buffer, pH 6.0, at 0.1 MPa and 40°C, 
the molecule occur as a monomer with a size of 10 nm radius and also as associates with 
radius from 36 to 119 nm. Increasing the αs1-casein concentration to 4 and 5 mg/mL caused 
increasing agglomerate sizes from 22 to 168 nm and from 23 to 215 nm, respectively. A 
solution of αs1-casein in a concentration of 3 mg/mL in the same buffer treated at 400 MPa 
and 40°C for 15 min also shows higher agglomerate size (about 22 to 650 nm radius) 
compared to 0.1 MPa and 40°C samples. Increasing amount of associated αs1-casein was 
obtained by increasing protein concentration in a system of 0.2 mol/L TRIS-acetate buffer pH 
6.0 under thermal and high pressure treatment. Under these conditions, Gln108, Gln130 and 
Gln140 of αs1-casein could be hidden in the associated hydrophobic region and were not 
accessible to MTG. 
 
The analysed kinetic parameters showed that the affinity of MTG to ß- and αs1-casein was 
higher at atmospheric pressure than at high pressure. The kcat values of ß-casein at 0.1 MPa 
(136 min-1) and at 400 MPa ( 131 min-1) are very similar and could be suggest that there are 
the same number of ε-(γ-glutamyl) lysine isopeptide per active site per min in the reaction of 
MTG with ß-casein at atmospheric and high pressure. That is in agree with Partschefeld, 
who observed the same numbers of reactive glutamine residues of ß-casein in the samples 
treated at these same conditions. However, the kcat/Km ratio of the reaction of MTG with ß-
casein carried out at 0.1 MPa and 40°C was 2 315 L/mmol·min, whereas the kcat/Km value 
decrease to 1 316 L/mmol·min when the same reaction was performed at 400 MPa and 
40°C. This behaviour showed that the reaction efficiency of MTG with ß-casein falls 
drastically under high pressure treatment. Furthermore, kcat/Km ratio of the reaction from αs1-
casein with MTG performed at 400 MPa and 40°C cannot be calculated because this 
reaction shows a non-Michelian kinetic behaviour.  
 
Affinity of MTG to individual casein under atmospheric and high pressure treatment is 
different to the affinity of MTG to other substrate. For example, Lee and Park (2002) reported 
a kinetic study from the reaction of MTG with (CBZ)-L-glutamylglycine at 25°C in a pressure 
range from 0.1 to 600 MPa (figure 2.1-7). A Km value around 25 mM and a Vmax of 928 U of 
the reaction at 0.1 MPa and 25°C were reported. Increasing pressure gave similar Km values 
of 29 and 27 and 30 mM and maximal velocities of 1 042, 858, and 756 Units for 400, 500 
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and 600 MPa, respectively. The kinetic reactions of this system indicated that the affinities of 
the MTG to (CBZ)-L-glutamylglycine remain similar and only the Vmax of pressurised MTG 
were changed. Opposite behaviour is observed for MTG-ß-casein system, where the 
obtained Vmax remain from 2.7 x 10-3 to 2.3 x 10-3 mmol/L⋅min after treatment at 40°C 0.1 and 
400 MPa, respectively, whereas the Km increased to 59 x 10-3 to 144 x 10-3 mmol/L. 
 
The phenomenon could be suggested, that (CBZ)-L-glutamylglycine, a small molecule (337 
g/gmol) did not drastically affect at 400 MPa and 25 °C conditions. The single active 
glutamine residue of the peptide remains free to react with MTG and for this reason the 
affinity of this enzyme-substrate is similar under atmospheric and high pressure conditions. 
In contrast, caseins are more complex systems because they are polymeric molecules with a 
great molecular weight (∼22 000 to ∼24 000 g/gmol). In addition, their hydrophilic and 
hydrophobic regions can be affected by ion strength, high pressure and thermal conditions. 
Then, the loss of affinity in the MTG-casein complex and its enzyme efficiency can be 
explained by the following reasons: 
 
1) Inactivation of the enzyme at high pressure: 
The inactivation kinetic and the influence of high hydrostatic pressure on microbial 
transglutaminase discussed in chapter 4.1 demonstrate that the enzyme activity of MTG 
decreased to 74% after treatment at 400 MPa and 40°C for 15 min. 
 
2) Constance of potential reactive glutamine under different pressure. 
Partschefeld et al. (2005) found that in solutions of ß-casein treated with MTG (20 U/g 
protein), the 15% polymerisation degree of the native sample increased to 70% after 
treatment at 0.1 MPa at 40°C for 1 h, whereas in treatment at 400 MPa at 40°C for 1 h, only 
a polymerisation degree of 33% was observed. Moreover, analysis of peptide fragments 
demonstrated that the numbers of reactive glutamine residues of ß-casein in samples treated 
at atmospheric and high pressure were the same. 
 
3) Conformational changes of casein structures under thermal and high pressure treatment. 
Based on the published protein structures of αs1- and ß-casein (Kumosinski, 1991; 
Richardson et al., 1992; Cheftel et al., 1992; Kumosinski et al., 1993; Christen et al., 1996), it 
can be proposed that the conformation of individual caseins in a 0.2 mol/L TRIS-acetate 
buffer pH 6.00 at 400 MPa and 40°C are modified leading to casein association. Kumosinski 
et al. (1993) stated, that, because ß-casein, is a protein with little order and charged groups 
preferably located in certain region (figure 4.2.12 and 4.2-13), it is possible the formation of 
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tetramer structures with a centrally located hydrophobic region and hydrophobic groups at 
each end (Kumosinski, 1993). The resulting structure contents intermolecular cavities to easy 
accessibility to enzymes. Berry and Creamer (1975) reported that residues 189 to 190 and 
the C-terminal valine, where there are non-potential glutamine residues, remain exposed on 
the aggregated structure. For this reason, it could be suggested that after treatment at 400 
MPa and 40°C, the potential glutamine residues proposed by Christen et al. (1996), Gln54, 
Gln56, Gln72, Gln79, Gln182, remain located in cavities of the ß-casein agglomerates (figure 
4.3.14) and could be accessible to react with MTG. 
 
For αs1-casein, the high degree hydrophobicity exhibited by the carboxyl of molecule 
(residues 100 to 199) is probably responsible of the high self-association of this molecule. 
Kumosinski (1991) questioned a specific aggregation site, which could be related either to 
local secondary structure or to clustering of aromatic residues. The molecular modelling of 
this author suggested that the hydrophobic portion of residues 136 to 159 involved sheet-
sheet interactions to form αs1-casein dimmers. Then, the potential glutamine residues 
suggested by Christen et al. (1996), Gln108, Gln130, Gln140, remain hidden on the 
associated structure (figure 4.2-13 and 4.2-14). The association models suggested by Horne 
(1998), described a train-loop-train and a trail-train structure for αs1- and ß- casein, 
respectively. Both models can be polymerised or self-associated by hydrophobic interactions, 
for the reason it would be possible that, after high pressure treatment, agglomerates with 
cavities for ß-casein and crystalline agglomerates for αs1-casein were formed (figure 4.2-14). 
 
 
 
 
Schematic ß-casein molecules       ß-casein associates 
40°C, 400 MPa 
 
 
 
 
Schematic αs1-casein molecules       αs1-casein associates 
 
Figure 4.2.14 Hypothetic representation of αs1- and ß-casein association in a 0.2 mol/L TRIS-acetate 
buffer pH 6.00 at 400 MPa and 40°C 
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The reaction between MTG with αs1- or ß-casein at atmospheric pressure (0.1 MPa) and 
40°C for 15 min induced casein polymerisation, demonstrated that enzyme accept both 
casein as substrate with a better affinity to ß-casein than αs1-casein. The simultaneous 
reaction of MTG with both caseins at 400 MPa and 40°C for 15 min did not increase the 
polymerisation grade. No more glutamine residues were expose to solvent and only 
inactivation of the enzyme was achieved. Furthermore, temperature and high pressure 
treatment could cause an aggregation of αs1-casein, thus covering potential reactive 
glutamine residues in the interior of the agglomerate.  
 
Resuming, the kinetic values stated that MTG showed a good affinity and catalytic efficiency 
to acid and ß-casein. However, the affinity of MTG to individual caseins under atmospheric 
pressure is higher than the affinity of MTG to individual caseins under high pressure. 
Thereby, for a technical application, a mathematic model was suggested in order to know the 
optimal conditions of MTG activity and glucono-δ-lactone concentration in the preparation of 
acid gels at atmospheric pressure and a constant temperature. 
 
 
4.3 Influence of covalent cross-linking on storage modulus of acid gels obtained by 
transglutaminase and glucono-δ-lactone 
The rheological properties of food have considerable importance and the appearance of milk 
gels plays an important role in consumer’s acceptance. The addition of MTG causes the 
formation of gels with covalent bonds as additional stabilizing elements, which, depending on 
parameters like pH and temperature, affect gel rheology and stabilize colloidal properties. In 
order to investigate the influence of MTG action on the viscoelastic properties of Gdl-induced 
casein gels under condition that are relevant for milk products, rheological properties, namely 
the gel strength and gelation time, were measured. 
 
4.3.1 Preliminary rheological study of casein gelation  
Acid gels were obtained from casein solutions induced by acidification at a pH value around 
4.6. The gelation occur when the casein molecules reach their isoelectric point causing 
partial molecular unfolding and exposure of hidden reactive groups. These groups react 
intermolecular to form a network (Walstra et al., 1999). Incorporation of the inorganic acid 
HCl rapidly shifted to low pH value, leading to a fast precipitation of the casein to form a 
nonhomogenous gel. In contrast, the gradual hydrolysis of glucono-δ-lactone (Gdl) to 
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gluconic acid in casein solution slowly shifts the pH to values below 4.6 (Berlitz et al., 1992), 
thus loading to continuous network. 
 
Different concentrations of Gdl with and without MTG (6 U/g protein) were added to casein 
solutions (5% w/v) and then incubated at 40°C. Slow reduction of the pH from 6.8 to 4.6 was 
achieved in approximately 50 min in samples that contained concentrations of 0.334 g Gdl/g 
casein and the incorporation of enzyme did not influence the pH change caused by Gdl 
(figure 4.3-1). 
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Figure 4.3-1 Change of pH during slow acidification of casein solution (5% w/v) at 40°C. Addition of 
Gdl in absence ( ) and presence (- + -) of 6 U MTG.  
 
The influence of the simultaneous application of Gdl and MTG on rheological properties of 
gels was analysed by the storages modulus (G´) as an indicator of firmness, loss modulus 
(G´´) displaying fluidity and the radio G´´/G´ (loss factor; tan δ) indicating the sol (tan δ>1) - 
gel (tan<1) transition (Ross-Murphy et al., 1994). The viscoelastic properties of gels were 
characterised by means of oscillation tests, where samples are subjected to a harmonically 
shear deformation (Suck T, 1992; Mezger and Neuber, 1992). 
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Figure 4.3-2 Gelation curve of 5 %w/v casein solution in the presence of 0.214 g Gdl/g protein at 
40°C, amplitude gamma 10% and frequency 1Hz. (—) Storage modulus G`(Pa). (—) Loss modulus 
G´´ (Pa). (-x-) Loss factor, Tan G´´/G´. 
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Figure 4.3-3  Gelation curve of 5 %w/v casein solution in the presence of 0.214 g Gdl/g protein and 6 
U MTG/g protein at 40°C, amplitude gamma 10% and frequency 1Hz. (—) Storage modulus G`(Pa). 
(—) Loss modulus G´´ (Pa). (-x-) Loss factor, Tan G´´/G´. 
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Exemplarily, the addition of 0.214 g Gdl/g protein at 40°C slowly reduced the pH from 6.8 to 
5.0 within 70 min. During that period, tan δ was above 1, meaning that the product was in a 
predominantly liquid state. The initial tan δ value of 4.21 decreased to 2.64 within the first 10 
min and kept at that level up to 70 min (figure 4.3-2). Between 70 and 80 min, tan δ 
diminished drastically, indicating the onset of gel formation. G´ exceeded G´´ after 84 min, 
and tan δ declined to 0.861, corresponding to the formation of a viscoelastic solid. Within the 
time range up to 180 min, G´ reached a maximum of 50.7 Pa. Similar solutions (0.214 g 
Gdl/g protein) containing 6 U MTG/g protein also required 70 min to reach pH 5.0 (tan δ = 
1.53). The gelation time was 81 min and after 180 min the storage modulus G´ was 110 Pa.  
As compared to the control experiment, the gelation time was slightly reduced, and it was 
observed a more than two fold increase in G´ (figure 4.3-3).  
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Figure 4.3-4 Gelation curve of a casein solution 5 % in the presence different Gdl concentration and  
6 U MTG/g protein at 40°C, amplitude gamma 10% and frequency 1Hz.  (—)1 g Gdl/g protein with 6 U 
MTG/g protein, (—) 1 g Gdl/g protein without MTG.  (—) 0.334 g Gdl/g protein with 6 U MTG/g protein, 
(—) 0.334 g Gdl/g protein without MTG.  (—) 0.214 g Gdl/g protein with 6 U MTG/g protein, (—) 0.214 
g Gdl/g protein without MTG.  (—) 0.164 g Gdl/g protein with 6 U MTG/g protein, (—) 0.164 g Gdl/g 
protein without MTG.  (—) 6 U MTG/g protein without Gdl. 
 
Generally, the gelation time decreased with an increasing amount of Gdl added to the 
system, however higher concentrations of Gdl caused the formation of weaker gels (figure 
4.3-4). Addition of 1 g Gdl/g protein caused gelation within 5 min and a storage module value 
G´ of 48.9 Pa after 180 min. With the simultaneous addition of 1 g Gdl/g protein and 6 U 
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MTG/ g protein the gelation time was 4 min and the storage modulus 63.7 Pa. Gels from 
samples containing 1 g Gdl/g protein and MTG were weaker than gels from samples 
containing 0.214 g Gdl/g protein and MTG (G´=111.0 Pa). This could be caused by the rapid 
drop of pH to below 5 along with inactivation of the enzyme, which is stabile in the range 
from 5 to 9. However, addition of very low Gdl concentrations was not optimal, resulting in 
very weak gels and drastically increased gelation time. For example in samples with the 
addition of 0.164 g Gdl/g, the gelation was achieved in 168 min without enzyme and 117 min 
with enzyme. The G´ values after 180 min were 23.7 and 40.9 Pa in sample with and without 
enzyme, respectively. 
 
Casein solutions without Gdl did not form gels at all. The gels obtained from samples with 
only addition of Gdl showed G´ values in a range from 23.7 to 84.8 Pa, these gels were 
formed because the hydrophobic interactions, electrostatic bridges and hydrogen bonds 
reacted as intermolecular forces that stabilize acid gels (Oakenfull et al., 1997). However the 
gels formed from samples with the simultaneous addition of Gdl and MTG were stabilized 
with the combination of covalent and non-covalent bonds and obtained G´ values range from 
40.9 to 118 Pa (table 4.3-1), which demonstrates that the combination of both protein cross-
linking forces results in a higher firmness of the gel. 
 
Table 4.3-1 Effect of MTG and Gdl concentration on storage modulus G´ (Pa) of acid gels 
G´(Pa) g Gdl/g casein 
0 U MTG/g protein 6 U MTG/g protein 
0.000 0.01d 0.03c 
0.164 23.7c 40.9b 
0.214 50.7b 111.0a 
0.334 84.0a 118.0a 
1.000 48.0b 63.3b 
Mean values with different letters within columns are significantly different (p<0.05). Gels were 
prepared with MTG and Gdl added to 5 % w/v casein. The samples were oscillated at an amplitude 
gamma of 10%, 1 Hz at 40°C. G´ was measured after 180 min. 
 
4.3.2 Central composite rotatable design to study the behaviour of casein gelation with 
the simultaneous application of glucono-δ-lactone and microbial transglutaminase 
Based on the preliminary study, a central composite rotatable design (CCRD) with two 
factors and two levels was used to estimate the influence of MTG and Gdl concentration on 
the gelation time and elastic properties. Dimensional independent variables were MTG 
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concentration with a range from 0.98 to 5.82 U MTG/g protein and the Gdl concentration with 
a range from 0.214 to 0.334 g Gdl/g protein. For statistical purposes, dimensionless variables 
were coded as:  
 
x1 = (MTG concentration – 3.41)/2.42                                  (eq. 4.3-1) 
and 
x2 = (Gdl concentration – 0.274)/0.06                                 (eq. 4.3-2) 
 
 
Table 4.3-2 Arrangement and responses of central composite rotatable design (CCRD)  
Independent variables 
Uncoded Coded 
Dependent variables  
 
Experiment 
No. 
UTG/g casein 
 
x1 
g GdL/g Casein 
 
x2 
 
 
x1 
 
 
x2 
G´ 
(Pa) 
y1 
Time of gelation 
(min) 
y2 
  1 5.80 0.334  1  1 120.0 32.0 
  2 5.8 0.214  1 -1 165.0 58.0 
  3 0.98 0.334 -1  1  76.4 34.0 
  4 0.98 0.214 -1 -1  77.6 66.0 
  5 3.41 0.358   0 1.414  82.0 30.0 
  6 3.41 0.189   0 -1.414  79.0 97.0 
  7 6.83 0.274 -1.414   0 122.0 48.0 
  8 0.00 0.274   1.414   0   92.0 41.0 
  9 3.41 0.274   0   0 116.0 47.0 
10 3.41 0.274   0   0 112.0 49.0 
11 3.41 0.274   0   0 116.0 47.0 
12 3.41 0.274   0   0 112.0 49.0 
13 4.41 0.274   0   0 112.0 49.0 
Gels were prepared with MTG and Gdl added to 5 % w/v solutions of commercial casein. Rheological 
oscillation measurement was performed at an amplitude gamma of 10%, 1 Hz at 40°C. G´ was 
measured after 180 min. 
 
To evaluate the influence of the MTG as well as Gdl concentration on the gel firmness 
expressed as G´, a statistical model was used. The resulting surface plot is visualizing the 
mathematical model fit to the experimental data. 
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a) Effect of simultaneous application of microbial transglutaminase and glucono-δ-
lactone on storage modulus 
A quadratic model was suggested as best fit for a sequential model by sum of square and 
lack of fit tests for the surface response G´. Table 4.3-3, displaying individual terms analysed 
by ANOVA, shows that the significant terms were x1 (MTG) and x22 (Gdl) (p<0.05), hence the 
possible mathematic model to predict G´ under untested conditions was: 
 
y1 = 124 + 24.29 x1 – 13.70 x22                                     (eq. 4.3-3) 
 
 
Table 4.3-3 Analysis of individual model coefficients. 
y1 
Storage Modulus G´(Pa) 
y2 
Gelation time (min) 
 
 
 Coefficient Prob>F Coefficient Prob>F 
Constant 114.00 0.0081 49.39 0.0002 
x1 24.29 0.0012 -2.87 0.4118 
x2 -5.24 0.2952 -19.09 0.0001 
x1x1 3.35 0.5221 - - 
x2x2 -13.70 0.0280 - - 
x 1x 2 -10.95 0.1388 - - 
Coefficients significant at 95 % confidence level. Values of “Prob>F” less than 0.05 indicate model 
terms are significant. Values above 0.10 indicate the model terms are not significant. 
 
 
The interpretation of this model is, that the MTG concentration has a significant influence on 
G´ (p<0.5) and that the firmness of the gels increases in linear proportion with the MTG 
activity at each Gdl concentration (p<0.05). Maximal firmness in the experiments (134.3 Pa) 
was obtained at an activity of 5.62 U MTG/g protein between a range from 0.242 to 0.374 g 
Gdl/g protein (figure 4.3-5). 
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Figure 4.3-5 Surface plot of storage modulus G´ (Pa) with MTG activity from 0 to 6.83 U MTG/g protein 
and Gdl concentration from 0.189 to 0.358 g/g protein. 
 
In contrast, the influence of the Gdl concentration is governed by a quadratic term, showing 
that there is an optimum of carrying out the reaction. 
 
b) Effect of simultaneous application of microbial transglutaminase and glucono-δ-
lactone on gelation time 
Subsequent analysis of the analytical data concerning the gelation time showed the best fit 
for a linear model. The individual term x2 (MTG) was significant (p<0.05) and x1 (MTG) was 
not significant (p>0.05) on the gelation time as dependent variable (table 4.3-3). The gelation 
time could be predicted by: 
 
y1 = 49.39 – 19.09 x2                                                   (eq. 4.3-4) 
 
The interpretation of this model is, that the Gdl concentration has significant influence on the 
gelation time (p<0.05), while it is independent of the MTG activity (p>0.05). At 0.242-0.274 g 
Gdl/g protein and 5.83 U MTG/g protein the maximal firmness (136 ± 2 Pa) was reached in a 
time between 49 to 59 min respectively (figures 4.3-5, 4.3-6).  
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The results confirmed that all variables like enzyme activity, Gdl concentration, pH and 
temperature affected the gel rheology and colloidal properties (Schorsch et al., 2000a; 
Schorsch et al., 2000b), which in food production could be controlled, depending food 
characteristics of the market. For example, gelation of acid meat protein suspension at low 
temperatures (4°C) is used to produce restructured meat products (Ngapo et al., 1996). In 
contrast, as Gdl hydrolysis to gluconic acid depends on temperature, higher temperatures 
produce stronger gels (Totosaus et al., 2000). In the resent years, MTG is also used in 
yogurt production (Ajinomoto, 2002). Traditionally, milk is incubated with MTG followed by 
heat treatment to enzyme inactivation before addition of starter culture, but this step causes 
increasing time process. For this reason, knowing that simultaneous application of MTG and 
Gdl induce increase on storages modulus on acid gels, it can be suggested that MTG can be 
added to the milk at the same time of the starter culture and the enzyme reaction can be 
proceed during the fermentation. Obviously, milk is a complex system that needs a detail 
study as is confirmed by Lorenzen et al. (2002). 
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Figure 4.3-6 Surface plot of gelation time (min) with MTG activity from 0 to 6.83 U MTG/g casein and 
Gdl concentration from 0.189 to 0.358 g/g casein 
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Gels induce by acidification are mainly stabilised by non-covalent interactions. As the 
addition of MTG causes the formation of gels with covalent bonds as additional stabilising 
element, the protein in such sample should be oligomerised. To monitor nature and extend of 
this protein cross-linking, gel permeation chromatography was performed. 
 
4.3.3 Effect of oligomerisation degree on gel firmness  
Oakenfull et al. (1997) mentioned that acid treated caseins form non-covalent bonds like 
electrostatic interactions and hydrogen bonds while temperature- and high pressure 
treatment additionally leads to covalent bonds through disulfide linkages, building up a three-
dimensional network. As the pre-treatment of the protein samples in these experiments 
included the application of both acid and heat, DTT was added in order to reduce disulfide 
bonds and the chromatography was performed in buffered urea to break non-covalent 
interactions. 
 
The comparison of reduced an non-reduced samples (without DTT) from gels obtained with 
addition of 1 g Gdl/g protein showed, that peaks for dimeric, trimeric and oligomeric protein 
molecules disappear completely (figure 4.3-7), meaning that acid gels are formed by 
reversible cross-linking. On the other hand, casein treated exclusively by MTG (6 U/g 
protein) showed a high degree of oligomerisation that was not reducible compared to the 
initial casein (figure 4.3-8). Despite the effective way MTG acts on caseins, it is not possible 
to create a gel only by the introduction of isopeptides.  
 
As already mentioned, simultaneous action of MTG and Gdl lead to gel stiffening. For 
example, gel from a 5 % w/v casein solution with addition of 5.8 U MTG + 0.214 g Gdl/g 
protein and 6.8 U MTG + 0.274 g Gdl/g protein after 180 min at 40 °C reached a G´= 165 Pa 
and G´= 122 Pa, respectively. The degree oligomerisation of these samples (figure 4.3-9) 
showed that the gels with a G´ value of 165 Pa exhibited less dimers and trimers but more 
oligomers than gels with a G´ value of 122 Pa. 
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Figure 4.3-7. Gel permeation chromatography of acid gel from 5% w/v casein solutions incubated with 
and 1 g Gdl/g protein for 1h at 40 °C. 
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Figure 4.3-8 Gel permeation chromatography under reducing conditions (DTT) of samples from 5 % 
w/v casein solutions incubated for 3h at 40°C. (A) Without MTG. (B) With 6 U MTG/g protein. 
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Figure 4.3-9 Gel permeation chromatography of gel from 5% w/v casein solutions incubated with 
different Gdl and MTG concentrations for 3 h at 40 °C. (A) Casein without treatment, (B) casein with 
0.98 U MTG/g protein and 0.334 g Gdl/g protein, (C) casein with 5.8 U MTG/g protein and 0.214 g 
Gdl/g protein, (D) casein with 6.8 U MTG/g protein and 0.274 g Gdl/g protein. 
 
The gels obtained with 0.98 U MTG and 0.334 g Gdl/g casein had G´ value of 76.4 Pa and 
the lowest contents of oligomers. The comparison between rheological and 
chromatographical studies demonstrated that the firmness in the gels is related with 
oligomerisation grade. That can be explained because there are relation between the degree 
of polymerisation and isopeptide Nε-(γ-glutamyl)- lysine formation (Lauber et al., 2000). Then, 
this work confirmed the studies of Lauber et al. (2000) and suggested that isopeptide formed 
via MTG are additional stabilizing elements in casein gel network. Moreover, application of 
MTG by an optimal Gdl concentration is also important to achieve a stable network. 
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5 Proposes for further studies 
 
After to know the affinity to monomeric casein, a polymeric enzymatic study could be 
interesting to investigate the affinity of MTG with dimers and trimers into the polymerisation 
reaction at atmospheric conditions. 
 
Kinetic reaction from MTG with acid-, ß- and αs1-casein showed that affinity did not increase 
under high pressure. However, because ß-lactoglobulin during high pressure treatment 
achieved news potential glutamine residues (Richter, 2004) it can investigate, whether the 
reaction kinetics of MTG with this protein as substrate has a Michaelis-Menten-Henri 
behaviour and whether its affinity increase during high pressure conditions. 
 
Formation of Maillard product were found in a system of MTG:lactosa:maltodextrin. 
Nevertheless, Maillard reaction is a cascade of consecutive and parallel reactions and its 
reaction grade depend of the chemical composition of the reactants, as well as, conditions of 
the system. For this reason, experimental models with different type and radio of the 
reactants at different temperature, pressure and controlled pH are important to plan, in order 
to investigate the effect of pressure on mechanisms reaction of Maillard product. 
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6 Summary 
 
Kinetic inactivation of factor XIIIa and MTG were performed in a pressure range from 0.1 to 
400 MPa at 40°C within a time from 0 to 60 min in a TRIS-acetate buffer at pH 6.0. The 
inactivation of both enzymes at these conditions followed a first order reaction model. The 
high inactivation rate constant of 26.6 x10-3 min-1 for factor XIIIa at low pressure (50 MP) 
indicated that this enzyme is much easier to inactivate than MTG, which achieved an 
inactivation rate constant value of 9.7 x10-3 min-1 at higher pressure (200 MPa). An 
inactivation volume of –10.17±0.5 cm3/mol confirmed that MTG is very stable under high 
pressure. 
 
The stability of MTG under high pressure and thermal treatment was related to its 
conformational changes. Enzyme inactivation was accompanied by secondary and tertiary 
structure changes until an irreversible protein precipitation is achieved. The tertiary structure, 
represented by circular dichroism spectra in the aromatic region showed differences among 
native and MTG samples treated under high pressure, as well as at elevated temperature. 
Tyrosine bands, indicating protein unfolding, increased proportionally with increasing 
pressure treatment above 400 MPa. Nevertheless, compared to pressure, a maximal 
enhancement could be observed after thermal treatment at 0.1 MPa at 80°C. That 
demonstrated the exposure of hydrophobic groups to the protein surface with a concomitant 
protein unfolding. The spectra in the far ultraviolet region showed that increasing high 
pressure and high temperature lead to alterations in the secondary structure. The 
mathematical algorithms CONTIN used to calculate secondary structures stated that the 
24.5% of α-helix of native MTG decreased to 17.2% after a treatment at 400 MPa at 40°C for 
60 min and to 6.5% after a treatment at 0.1 MPa at 80°C for 2 min. However, ß-strand 
structures remained relatively stable after these several treatments. MTG is arranged in a 
way that the active site is located between β-strand domains that are surrounded by α-
helices, the results of this investigation suggested that MTG activity is related with the 
relative stability of α-helix and the outstanding stability of the central β-strand structure. 
 
The irreversible precipitated protein observed at 600 MPa at 40°C for 60 min and 0.1 MPa at 
80°C for 2 min was caused principally by the formation of disulfides bonds, because high 
pressure and high thermal treatment lead to the exposition of the Cys64 residue towards the 
solvent with the subsequent ability to react with neighbouring cysteine residues. 
Furthermore, the reaction between protein and reducing sugars resulted in the formation of 
Maillard products. Furosine, as an indicator of the early stages of Maillard reaction was 
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measured. Concentration values of 261.0 µg/g protein from samples treated at 600 MPa and 
40°C and 238.5 µg/g protein from samples treated at and 0.1 MPa and 80°C for 2 min were 
obtained. Pentosidine a subsequent product observed in the advanced Maillard reaction was 
also present. Concentrations of 13.7 and 6.7 µg/g protein were obtained in the samples 
treated at 600 MPa and 40°C for 60 min and 0.1 MPa and 80°C for 2 min, respectively. 
 
Kinetic inactivation studies of MTG in a pressure range from 0.1 to 600 MPa at 10, 30, 40, 
and 50°C within a long time range from 0 to 140 h were performed in order to study MTG 
stability under the simultaneous effect of pressure and temperature. The inactivation kinetic 
showed a first and very fast step and a second very slow step suggesting irreversible 
inactivation behaviour. Activation energy and entropy difference decreased with increasing 
pressure. Thereby, the inactivation rate constants of enzyme were less temperature 
dependent at high pressure. The effect of pressure and temperature on MTG inactivation had 
a synergistic behaviour. At temperatures of 10, 30, and 40°C, increasing pressure leads to 
increasing inactivation rate constants. However at 50°C a tendency change occurred. 
Negative activation volumes of –16.2±0.5, -13.6±0.1, -11.2±0.3 cm3/mol were obtained for 
10, 30 and 40°C respectively and for treatment at 50°C a positive value of about +3.0±2.0 
cm3/mol in a pressure range from 0.1 to 300 and a negative volume of –11.0±0.4 cm3/mol 
MPa from 300 to 600 MPa were calculated. 
 
A pressure/temperature diagram from inactivation rate constants was performed to represent 
MTG stability. The diagram shows that in a pressure and temperature range from 0.1 to 550 
MPa and 10 to 40°C, pressure induces MTG stabilization against heat denaturation. At 50°C 
in range from 0.1 to 300 MPa, pressure induces also enzyme stabilization again heat 
denaturation, but at the same temperature and above 300 MPa the enzyme was inactivated. 
 
After MTG stability analysis, reaction kinetics from MTG with individual caseins in a TRIS-
acetate buffer pH 6.0 were performed under atmospheric pressure (0.1 MPa) and high 
pressure (400 MPa) at 40°C. The reaction was monitored by gel permeation chromatography 
under in three assumptions: 1) The initial velocity kinetics was obtained from a non-
progressive enzymatic reactions with the products. 2) The substrate concentration exceeded 
enzyme concentration. 3) The sum of the individual catalytic constants of the reactive 
glutamine residues inside caseins are represented by a single MTG-monomeric casein 
complex. 
 
6   SUMMARY 
147 
Enzyme reaction kinetics of MTG with the individual caseins carried out at 0.1 MPa at 40°C 
showed Michaelis-Menten-Henri behaviour with maximal velocities of 2.7 x 10-3, 0.8 x 10-3, 
and 1.3 x 10-3 mmol/L·min and Km values of 59 x 10-3, 64 x 10-3 and 50 x 10-3  mmol/L of ß-, 
αs1-, and acid-casein, respectively. This suggested that MTG achieved a maximal velocity 
with ß-casein, but had the best affinity with acid casein followed by ß- casein and finally αs1-
casein.  
 
Enzyme reaction kinetics of ß-casein carried out at 400 MPa and 40°C also showed a 
Michaelis-Menten-Henri behaviour with a similar maximal velocity of 2.6 x 10-3 mmol/L⋅min, 
but the Km value of 144 x 10-3 mmol/L showing kinetical similarity to a non-competitive 
inhibition. The reaction of MTG with αs1-casein under high pressure did not fit in to Henri-
Michaelis-Menten kinetics. 
 
Kinetic parameters showed that the affinity of MTG to ß- and αs1-casein under atmospheric 
pressure is higher than the affinity of MTG to these caseins under high pressure. This loss of 
affinity can be explained by a constant number of reactive glutamine residues of casein, 
although the protein is unfolding at high pressure, a decrease of enzyme activity of MTG to 
74% after treatment at 400 MPa at 40°C for 15 min and self association of casein under 
thermal and high pressure treatment. 
 
Fur technological application, the formation of acid milk gels was studied under the influence 
of MTG within its range of pH stability. Simultaneous addition of MTG and different 
concentrations of glucono-δ-lactone (Gdl) to casein solutions (5% w/v) at 40°C was analysed. 
Gels firmness was accessed by oscillation rheometry and gel permeation chromatography. 
Oscillation rheometry data showed that the time of gelation decreased with an increasing Gdl 
concentration added to the system, however higher concentrations of Gdl caused the 
formation of weaker gels. Addition of 1 g Gdl/g protein without MTG caused gelation within 5 
min and a storage module value G´ of 48.9 Pa. With the simultaneous addition of 1 g Gdl/g 
protein and 6 U MTG/ g protein the gelation time was 4 min and the reached storage 
modulus was 63.7 Pa. However, the addition of 0.21 g Gdl/g protein and 6 U/g protein MTG 
increase the gelation time to about 69 min, but, a higher module value G´ of 111.0 Pa was 
achieved. Addition of high Gdl concentration caused a rapid drop of pH below 5 leading to a 
fast enzyme inactivation. However addition of very low Gdl concentrations was also not 
optimal.  
 
6   SUMMARY 
148 
The simultaneous influence of MTG and Gdl concentration on the gelation time and elastic 
properties was evaluated by a central composite rotatable design (CCRD). The resulting 
quadratic storage modulus model showed that, MTG concentration had a significant 
influence on storage modulus G´ and, that the firmness of the gels increase in direct 
proportion with MTG activity with the existence of a optimum Gdl concentration, whereas the 
resulting linear model of the gelation time stated that Gdl concentration has a significant 
influence on the gelation time, while it is independent of the MTG activity. A maximal 
firmness of 136 ± 2 Pa was reached between a range of 0.24 - 0.27 g Gdl/g protein and 5.8 
U MTG/g within a time from 49 to 59 min. Gel permeation chromatography analysis 
demonstrated that acid gels induced by Gdl were formed by reversible cross-linking like 
electrostatic interactions and hydrogen bonds as well as disulfide bonds caused by 
temperature treatment. Whereas, the addition of MTG proved the formation of non-reversible 
cross-linking like oligomers based on Nε-(γ-glutamyl)- lysine, which gave more firmness and 
stabilization on the casein gel network. 
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Data of the chapter 4.1 
 
Figure 8.1-1 Calibration curve of enzyme activity method (Folk and Cole, 1969) 
y = 0,307x + 0,001
R2 = 0,99
0,00
0,10
0,20
0,30
0,40
0,50
0,60
0,70
0,80
0,90
0,0 0,5 1,0 1,5 2,0 2,5 3,0
 L-glutamic-acid-gamma-monohydroxamato (mmol/L)
A
bs
or
pt
io
n 
52
5 
nm
 
 
Table 8.1-1 Residual activity of MTG after treatments at different pressure and 40°C 
Time (h) Pressure (MPa) 
 0.1 200 400 600 
0.00 1.00 1.00 1.00 1.00 
0.25 0.98 0.92 0.91 0.40 
0.50 0.89 0.82 0.59 0.34 
0.75 0.89 0.76 0,52 0.25 
1.00 0.84 0.63 0.45 0.25 
1.50 0.70 0.60   
2.00 0.67  0.40 0.12 
3.00 0.54 0.41 0.25 0.10 
4.50 0.52 0.37   
7.00 0.38    
8.00 0.38 0.41 0.23  
9.00 0.39    
10.00 0.41    
11.00 0.39    
12.00 0.27 0.25   
18.80 0.26    
23.37 0.21       
Values given are the mean of two measurements with the associated 95% confidence interval 
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Table 8.1-2 Residual activity of MTG after treatments at different pressure and 10°C 
Time (h) Pressure (MPa) 
 0.1 200 400 600 
0 1.00 1.00a 1.00 1.00 
1  0.96a  0.93 
2    0.54 
3 0.98  0.79 0.40 
4  1.06a  0.38 
5   0.67  
12 0.93 1.00a 0.61  
16   0.56  
18  0.87a   
24 0.89 0,44a 0.41  
36  0.54a   
40  0.66a   
48 0.77 0.54a   
54     
72 0.70    
91 0.65    
144 0.58       
Values given are the mean of two measurements with the associated 95% confidence interval 
a 90% confidence interval. 
 
 
Figure 8.1-2 Residual activity of MTG after treatments at different pressure and 10°C 
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Table 8.1-3 Residual activity of MTG after treatments at different pressure and 30°C 
Time (h) Pressure (MPa) 
  0.1 200 400 600 
0.00 1.00 1.00 1.00 1.00 
0.17 0.99    
0.25  0.83 0.84 0.82 
0.33 0.93    
0.50  0.93 0.82 0.58 
0.75 0.90 0.88 0.73 0.51 
1.00 0.89 0.83 0.60 0.39 
1.50  0.70 0.54  
2.00 0.85 0.69  0.34 
3.00   0.47 0.27 
4.00 0.81 0.69   
5.00 0.68    
6.00 0.72 0.52   
7.00 0.71    
8.00  0.35   
12.00 0.62    
18.00 0.56    
20.00 0.49    
23.00 0.47    
43.58 0.40       
Values given are the mean of two measurements with the associated 95% confidence 
interval 
 
 
Figure 8.1-3 Residual activity of MTG after treatments at different pressure and 30°C 
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Table 8.1-4 Residual activity of MTG after treatments at different pressure and 50°C 
Time (h)     Pressure  (MPa)       
  0.1 100 200 300 400 500 600 
0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
0.05 0.71 0.52 0.59 0.60 0.40 0.37 0.28 
0.08 0.57 0.43 0.50 0.58 0.28 0.23 0.23 
0.13 0.36 0.33 0.37 0.62 0.24 0.22 0.22 
0.15 0.32 0.30 0.36 0.42 0.17 0.13 0.21 
0.17 0.36 0.40 0.53  0.43   
0.25 0.28       
0.33 0.27 0.30 0.49 0.33 0.40 0.18 0.15 
0.50 0.24 0.27 0.38 0.49 0.31 0.18 0.15 
0.75 0.22 0.25 0.28 0.16 0.23 0.05 0.13 
1.00 0.22 0.24 0.34 0.15 0.24 0.05 0.16 
1.50 0.19 0.22 0.22 0.17 0.19  0.14 
2.00 0.19      0.13 
3.00 0.18 0.20 0.16 0.10 0.17   
4.00 0.15       
5.00 0.15       
6.00 0.13             
Values given are the mean of two measurements with the associated 95% confidence interval 
 
 
Figure 8.1-4 Residual activity of MTG after treatments at different pressure and 50°C 
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Figure 8.1-5 Kinetic pressure/temperature diagram of MTG  
Temperature °C
600
500
10 20 30 40 50
0.001
0.04
0.02
0.1
P
re
ss
ur
e 
(M
P
a) 400
300
200
100
0
 
The k1 values are in the range from 0.001 to 0.1 min
-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APENDIX 
166 
Figure 8.1 6 Calculation of apparent temperatures at different pressure, when apparent 
Gibbs energy is zero at first fast step (a) and second slow step (b). 
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K´ is the apparent equilibrium constant 
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Data of the chapter 4.2  
 
Figure 8.2-1 Calibration curve of acid casein 
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Figure 8.2-2 Calibration curve of ß-casein 
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Figure 8.2-3 Calibration curve of αs1-casein 
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Figure 8.3-4 Hanes Diagram of enzyme kinetic reaction of MTG with ß-casein at 40°C at 0.1 
MPa ( ) and 400 MPa ( ). 
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Figure 8.3-5 Hanes Diagram of enzyme kinetic reaction of MTG with αs1-casein at 40°C at 
0.1 MPa ( ) and 400 MPa ( ). 
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